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Summary 
Shoot branching or the outgrowth of axillary buds determines plant shape through a complex 
regulation that involves crosstalk between the plant hormones auxin, cytokinin and strigolactone on 
the one hand, and environmental factors such as light, temperature and nutrient availability on the 
other hand. Plant shape is an essential aspect in breeding and production of ornamental 
chrysanthemum (Chrysanthemum morifolium Ramat). Current methods for controlling 
chrysanthemum shoot architecture involve pruning, manual removal of axillary buds and the use of 
chemical growth retardants. For this reason it is interesting to study alternative ways to control shoot 
branching by applications of plant growth regulators and LED lighting. A major focus of this work was 
also to investigate the mechanism of regulation of shoot branching in chrysanthemum. Auxins and 
auxin transport play a central role in the control of bud outgrowth and are associated with apical 
dominance. Auxin is transported basipetally in the stem and has an indirect inhibitory effect on 
axillary bud outgrowth. Though the mechanism has not been fully elucidated yet, experimental 
evidence has supported two non-mutually exclusive models for indirect auxin inhibition. Basipetal 
auxin transport inhibits axillary bud outgrowth either by limiting auxin export from axillary buds to 
the stem (canalization model) or by increasing strigolactone levels in combination with inhibiting 
cytokinin biosynthesis (second messenger model). Furthermore, it is hypothesized that sucrose could 
play a major role in apical dominance. Light and the ratio of red to far-red light, can influence bud 
outgrowth as part of a mechanism to avoid canopy shading. These concepts are introduced in the 
first chapter of this thesis. 
In the second chapter treatments with LED light combinations to obtain different spectral 
compositions were tested on rooted cuttings of 3 chrysanthemum genotypes (a pot chrysanthemum, 
a cut flower and a disbud chrysanthemum genotype) to assess the effect on shoot architecture. Red 
light treatment generally showed increased bud outgrowth and increased average bud length while 
blue + far-red light treatment resulted in decreased bud outgrowth and bud length. Some effects 
were genotype dependent, such as  plant height, which increased under blue + far-red light 
treatments compared to red light treatment, only for the pot chrysanthemum genotype. Treatment 
with blue + far-red light in decapitated cuttings showed a strong elongation of the topmost axillary 
bud and inhibition of underlying buds for the pot chrysanthemum and cut flower genotypes. This 
effect also persisted in greenhouse conditions.  
In the third chapter two cut flower genotypes were used to study the hormonal and genetic 
regulation of axillary bud outgrowth. The C17 genotype was characterized by floral transition while 
C18 maintained vegetative growth under long day conditions. Plant height and axillary bud 
outgrowth was measured during 5 weeks, including the moment of floral transition for C17 in the 
second week.  Samples of shoot apex, stem and axillary buds, taken in the first and second week 
were analysed by UPLC-MS/MS for auxin and cytokinin levels and by RT-qPCR expression analysis of 
candidate shoot branching genes. A release from apical dominance after floral transition in C17 
coincided with an increased cytokinin/auxin balance while this decreased in the C18 genotype 
showing vegetative growth and strong apical dominance. The strigolactone biosynthesis 
gene CmMAX1, the transcription factor CmBRC1 and the dormancy associated gene CmDRM1 
generally showed decreased expression in C17 and an increased expression in C18, providing useful 
markers for bud outgrowth.      
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In the  fourth chapter a modified split-plate bioassay was developed to investigate the effect on bud 
outgrowth of treatments with plant growth regulators. Axillary bud outgrowth could be observed in 
5 days after stem segments were excised and placed in the bioassay. Treatments with apical auxin 
(IAA) inhibited bud outgrowth, which was counteracted by treatments with basal cytokinins (TDZ, 
zeatin, 2-ip). Treatments with basal strigolactone (GR24) could inhibit axillary bud growth without an 
apical auxin treatment. GR24 inhibition of axillary buds could be counteracted with auxin transport 
inhibitors (TIBA and NPA). Treatments with sucrose in the medium resulted in stronger axillary bud 
growth, which could be inhibited with apical auxin treatment but not with basal strigolactone 
treatment. These observations provide support for both the canalization model and the second 
messenger model, with on the one hand the influence of auxin transport on strigolactone inhibition 
of axillary buds, and on the other hand the inhibition of axillary bud growth by strigolactone without 
an apical auxin source. The inability of GR24 to inhibit bud growth upon sucrose treatment raises an 
interesting question about the role of strigolactone and sucrose in axillary bud outgrowth and calls 
for further investigation. 
In the fifth chapter the split plate bioassay was used in combination with flow cytometrical analysis 
of dividing cells and RT-qPCR expression analysis of branching genes for treatments with auxin (IAA), 
a synthetic strigolactone (GR24) and an auxin transport inhibitor (NPA). Treatments over a 5-day 
period showed axillary bud outgrowth occurring in the control treatment and inhibition of axillary 
bud outgrowth in treatment with IAA and IAA + GR24. The onset of bud outgrowth in the control 
coincided with a high percentage of dividing cells, a decreased expression of dormancy genes 
CmBRC1 and CmDRM1 and a strongly increased CmPIN1 expression in the axillary buds. Bud 
inhibition by IAA and IAA + GR24 treatments coincided with a low percentage of dividing cells, 
unchanged or increased expressions of dormancy genes CmBRC1 and CmDRM1 in bud and stem and 
an unchanged or only slightly increased CmPIN1 expression in the axillary buds. Treatment with GR24 
on the basal end showed a restricted axillary bud outgrowth that was counteracted by the 
application of NPA. The restricted bud outgrowth in the treatment with GR24 was still concomitant 
with a high percentage of dividing cells and coincided with a decreased expression of the dormancy 
markers. These results indicate an incomplete inhibition of axillary bud outgrowth by GR24 
treatment and suggest an involvement of auxin transport in the mechanism of bud inhibition by 
strigolactones, thus supporting the auxin transport canalization model.  
The final chapter discusses the major findings in relation to the prevailing hypotheses about axillary 
bud outgrowth regulation and offers perspectives for further research and applications.  
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Samenvatting 
Vertakking, of de uitgroei van okselknoppen, speelt een belangrijke rol in het bepalen van de 
plantvorm via een complexe interactie tussen de endogene plant hormonen auxine, cytokinine en 
strigolacton en omgevingsfactoren zoals licht, temperatuur en de beschikbaarheid van nutriënten. 
De vorm van de plant is een essentieel aspect in de productie en veredeling van chrysanten 
(Chrysanthemum morifolium Ramat). Om knopuitgroei te controleren in chrysant, wordt momenteel 
gebruik gemaakt van handmatig verwijderen van zijknoppen en chemische groeiremmers. Daarom is 
het interessant om alternatieven te bestuderen voor het sturen van knopuitgroei , zoals met LED-
licht en plantengroeiregulatoren. Bovendien focuste dit werk ook op het onderzoeken van de 
fysiologische en genetische regulatie van knopuitgroei in chrysant. Auxines en auxinetransport 
spelen een centrale rol in de controle van knopuitgroei en worden geassocieerd met het fenomeen 
van apicale dominantie, waarbij de groei van de hoofdscheut de uitgroei van onderliggende 
okselknoppen verhindert. Auxine wordt zo vanuit de apex doorheen de stengels richting de wortels 
getransporteerd via het basipetaal auxinetransport. Auxine wordt niet tot in de zijknoppen zelf 
getransporteerd en heeft dus een indirect inhiberend effect op de knopuitgroei. Hoewel het exacte 
mechanisme hierachter nog niet volledig is opgeklaard, zijn er twee modellen die elkaar niet 
uitsluiten en die beide ondersteund worden door experimentele data. Basipetaal auxinetransport 
kan knopuitgroei op 2 manieren verhinderen: enerzijds door direct het auxinetransport vanuit de 
knop naar de stengel te belemmeren (kanalisatie model),anderzijds door de concentratie aan 
strigolacton te verhogen en deze van cytokinines te verlagen; deze hormoonbalans beïnvloedt dan 
op zijn beurt de knopuitgroei (tweede boodschapper model). Recent werd er ook nog een belangrijke 
rol voor sucrose aangetoond in het proces van apicale dominantie. Licht en dan vooral de verhouding 
van rood versus ver-rood licht, kan knopuitgroei ook beïnvloeden. Dit maakt deel uit van de reactie 
van de plant op schaduw, waarbij lengtegroei gestimuleerd wordt en vertakking wordt verhinderd. 
Deze concepten worden geïntroduceerd in het eerste hoofdstuk. 
In het tweede hoofdstuk werden behandelingen met verschillende LED- spectra getest op 
bewortelde stekken van 3 verschillende chrysanten genotypes (een potchrysant, een snijchrysant en 
een geplozen chrysant) om het effect op de knopuitgroei en plantvorm te beoordelen. 
Behandelingen met rood licht stimuleerden over het algemeen knopuitgroei en zijscheutlengte, 
terwijl behandeling met blauw + ver-rood resulteerde in een vermindering van knopuitgroei en 
zijscheutlengte. Sommige effecten waren afhankelijk van het genotype, zoals bijvoorbeeld de hoogte 
van de het potchrysant genotype, dat onder behandeling met blauw + ver-rood licht gestegen was in 
vergelijking met de behandeling met rood licht. Behandeling met blauw + ver-rood licht in getopte 
stekken veroorzaakte dan weer een sterke strekking van de bovenste zijscheut en remming van de 
onderliggende okselknoppen bij de potchrysant en snijbloem genotypes. Dit effect zette zich ook 
verder door als de planten overgebracht werden naar de serre. 
In het derde hoofdstuk werden twee snijbloem genotypes gebruikt om de hormonale en genetische 
regulatie van knopuitgroei te bestuderen. Het genotype C17 werd gekenmerkt door florale transitie 
terwijl C18 vegetatief bleef groeien onder lange dag omstandigheden. De hoogte van de planten en 
de uitgroei van okselknoppen werd gemeten gedurende 5 weken, waarbij C17 in de tweede week 
overging van de vegetatieve naar de generatieve fase. Stalen van de scheutapex, stengel en 
okselknoppen, genomen in de eerste en tweede week, werden geanalyseerd met UPLC-MS/MS voor 
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de bepaling van auxine en cytokininegehaltes en met RT-qPCR voor expressie analyse van een aantal 
vertakkingsgenen. Het wegvallen van apicale dominantie  gevolgd door knopuitgroei na de florale 
transitie in C17 correleerde met een verhoogde cytokinine/auxine balans, terwijl deze balans daalde 
in het genotype C18 dat in het vegetatieve stadium bleef en een sterke apicale dominantie bleef 
vertonen. Het strigolacton biosynthese gen CmMAX1, de transcriptiefactor CmBRC1 en het met 
dormantie geassocieerde gen CmDRM1 vertoonden verminderde expressie in C17 en een verhoogde 
expressie in C18; dit zijn dus goede merkers voor het opvolgen van knopuitgroei. 
In het vierde hoofdstuk werd een bioassay ontwikkeld om het effect te testen van behandelingen 
met plantengroeiregulatoren op de knopuitgroei. Knopuitgroei trad op binnen een periode van 5 
dagen nadat de bioassay met geïsoleerde stengelstukjes met 2 zijknoppen was opgestart. Apicale 
behandelingen met auxine (IAA) remden knopuitgroei en dit werd tegengewerkt door basale 
behandelingen met cytokinines (TDZ, zeatine, 2-ip). Basale behandeling met strigolacton (GR24) kon 
knopuitgroei verhinderen zonder apicale auxine behandeling. De remming van okselknoppen door 
GR24 kon worden tegengegaan door behandelingen met auxine transport inhibitoren (TIBA en NPA). 
Toevoeging van sucrose in het medium resulteerde in sterkere knopuitgroei, die wel kon worden 
geremd met apicale auxine behandeling maar niet met een basale strigolacton behandeling. Deze 
waarnemingen ondersteunen zowel het kanalisatie model als het tweede boodschapper model met 
enerzijds de invloed van auxinetransport op de strigolacton geïnduceerde remming van uitlopende 
knoppen en anderzijds de remming van knopuitgroei door strigolacton zonder apicale auxine bron. 
Het onvermogen van GR24 om knopuitgroei te inhiberen in combinatie met een sucrose behandeling 
roept vragen op over de rol van strigolactonen en sucrose in knopuitgroei en dit vereist zeker verder 
onderzoek. 
In het vijfde hoofdstuk werd de bioassay gebruikt in combinatie met flow cytometrische analyses 
van delende cellen en RT-qPCR genexpressie analyse van vertakkingsgenen bij behandelingen met 
auxine (IAA), synthetisch strigolacton (GR24) en een auxinetransport inhibitor (NPA). Behandelingen 
over een tijdsduur van 5 dagen toonden knopuitgroei in de controlebehandeling en remming van 
knopuitgroei in de behandelingen met IAA en IAA + GR24. Beginnende knopuitgroei in de 
controlegroep correspondeerde met een hoog percentage aan delende cellen, een verminderde 
expressie van de genen CmBRC1 en CmDRM1 en een sterk verhoogde expressie van CmPIN1 in de 
okselknoppen. Inhibitie van knopuitgroei door behandelingen met IAA en IAA + GR24 kwam overeen 
met een laag percentage aan delende cellen, ongewijzigde of toegenomen expressie van CmBRC1 en 
CmDRM1 in knop en stengel en een ongewijzigde of licht verhoogde expressie van CmPIN1 in 
okselknoppen. Basale behandeling met GR24 vertoonde een beperkte knopuitgroei, dit effect werd 
tenietgedaan door toepassing van NPA. De beperkte knopuitgroei in de behandeling met GR24 kwam 
overeen met een hoog percentage aan delende cellen en een verminderde expressie van de merkers 
voor knopuitgroei. Deze resultaten wijzen op een onvolledige inhibitie van knopuitgroei bij GR24 
behandeling en suggereren de betrokkenheid van het auxinetransport in de wijze waarop 
strigolactonen knopuitgroei inhiberen, wat overeenkomt met het kanalisatie model. 
Het laatste hoofdstuk bespreekt de belangrijkste conclusies uit de experimentele hoofdstukken in 
relatie tot de gekende hypotheses over de regulatie van knopuitgroei en biedt perspectieven voor 
verder onderzoek en toepassingen. 
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noRT no reverse transcriptase 
NPA 1-N-Naphthylphthalamic acid  
NTC No template control 
ORF open reading frame 
PAR Photosynthetic active radiation 
PAT polar auxin transport 
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PCR polymerase chain reaction 
PHAB PHABULOSA 
PHYB PHYTOCHROME B 
PIN# PIN FORMED    
PSS phytochrome photostationary state  
PZ peripheral zone 
QTL quantitative trait loci 
R red 
R: FR red to far-red ratio 
REV REVOLUTA 
RMS# RAMOSUS 
RNA ribonucleic acid 
RR RESPONSE REGULATOR 
RT-qPCR Reverse Transcriptase quantitative real-time PCR 
RZ rib zone 
SAM shoot apical meristem 
SAS shade avoidance syndrome 
SD short day 
SE standard error 
SL strigolactone 
SMAXL SUPRESSOR OF MORE AXILLARY GROWTH 1 LIKE 
STM SHOOT MERISTEMLESS 
TAA TRYPTOPHAN AMINOTRANSFERASE 
TB1 TEOSINTE BRANCHED1  
TDZ thidiazuron 
TFL1 TERMINAL FLOWER 1 
TIBA 2,3,5-triiodobenzoic acid  
TIR# TRANSPORT INHIBITOR RESPONSE 
UN upper node 
WT wild type 
11 
Aim and Objectives 
Chrysanthemum morifolium Ramat. is one of the most prominent ornamental crops produced in the 
world. There are several types of chrysanthemums on the market, which are distinguished by 
differences in shoot architecture. Cut flower chrysanthemums tend to have elongated and 
unbranched stems with either single or multiple flowers on top. Garden and pot chrysanthemums 
have a full and rounded shape with copious branching. In the production of the cut flowers, manual 
removal of axillary buds is required to improve the growth and quality of the flowers. For the garden 
and pot chrysanthemums, mechanical pruning is often used to improve branching. These aspects of 
the chrysanthemum plant production are time consuming and costly and make it interesting to 
explore alternative ways to influence the shoot architecture. Shoot architecture is largely determined 
by shoot growth through elongation of internodia and shoot branching through outgrowth of axillary 
buds. Internode elongation is regulated by auxins and gibberellic acid, while axillary bud outgrowth is 
mainly regulated by the interaction of auxins, cytokinins and strigolactone. Environmental factors 
that influence shoot architecture include light, temperature and nutrient availability. The 
involvement of plant hormones in shoot branching has been extensively studied; however, there is 
still uncertainty about the exact inhibition mechanism of auxin and strigolactone in regulating axillary 
bud outgrowth. The recent discovery of strigolactone’s involvement in the regulation of shoot 
branching is driving research into the study of axillary bud outgrowth and offers new opportunities 
for application of plant growth regulators that act on shoot branching through the strigolactone 
pathway. With advances in LED technology and increased focus of multi-layered systems in plant 
production, studying the effect of light quality on the shoot architecture, could offer additional 
interesting applications for chrysanthemum production. 
In this work both cut flower and garden or pot chrysanthemums were studied to control shoot 
branching in a chemical way, using plant growth regulators, and in a physical way, using LED lighting.  
The main objectives of this study were: 
1) Study the physiological regulation of axillary bud outgrowth in chrysanthemum
2) Establish a controlled system to assess the effect of plant growth regulators on bud
outgrowth and to investigate the mechanism of bud outgrowth inhibition by auxin and
strigolactone, using hormone measurements and RT-qPCR gene expression analysis.
3) Study the effect of light quality on shoot branching with different LED light in different
spectral ranges and evaluate its usefulness in chrysanthemum production.
Aim and Objectives 
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Thesis outline: 
The first chapter introduces shoot architecture as an important quality trait in ornamental 
chrysanthemum production and gives a brief overview of axillary bud outgrowth regulation with a 
focus on the plant hormone strigolactone. 
The second chapter deals with the influence of light quality on shoot architecture and presents the 
results of experiments where different treatments with blue, red and far-red LEDs were tested to 
influence axillary bud outgrowth in chrysanthemum. 
The third chapter reports a study on the physiological regulation of axillary bud outgrowth in two 
chrysanthemum genotypes that displayed different branching patterns. The phenotypic 
characteristics of these distinct chrysanthemum types is linked with the degree of axillary bud 
outgrowth. The hormonal and genetic regulation of shoot branching is assessed by measurements of 
the auxin and cytokinin levels and analysis of gene expression of a set of candidate branching genes 
that were isolated in chrysanthemum, including bud development genes, genes involved in auxin 
signalling and transport, and genes involved in the biosynthesis and signalling of strigolactone and 
cytokinin. 
The fourth chapter introduces a split-plate bioassay that was used to study treatments with plant 
growth regulators on isolated stem segments of chrysanthemum. This included treatments with 
auxin and strigolactone to inhibit bud outgrowth, treatments with cytokinins to stimulate bud 
outgrowth, treatments with auxin transport inhibitors to investigate the role of auxin transport in the 
inhibition mechanism of strigolactone and treatments with sucrose in combination with auxin and 
strigolactone to study the role of sucrose in the hormonal interactions. 
The fifth chapter uses the same split-plate bioassay with isolated chrysanthemum stem segments in 
combination with flow cytometry of cell division in axillary buds and the expression of candidate 
branching genes that were identified in chapter 3. This method provides further insight in the shoot 
branching regulation occurring during axillary bud outgrowth and axillary bud outgrowth 
manipulation in treatments with auxin, strigolactone and strigolactone in combination with auxin 
transport inhibitors. 
The sixth chapter covers reflections on the results from all research chapters and presents overall 
conclusions placed in the context of current knowledge on axillary bud outgrowth. In addition, this 
chapter examines perspectives for further research and possible applications of the results obtained 
in the framework of this thesis.   
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Chapter 1: Introduction 
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Chrysanthemum in ornamental horticulture 
The Chrysanthemum genus belongs to the Asteraceae family (Fig. 1) and includes a variety of mostly 
herbaceous annual and perennial plants, originating from East Asia. China, Korea and Japan have a 
longstanding history of growing chrysanthemum for ornamental and pharmaceutical purposes or as a 
food source. The chrysanthemum is also heavily featured in the artwork and culture of these 
countries. In China chrysanthemum cultivation goes back to 1500 BCE with written reports in 
Confucian works as early as 500 BCE (Legge 1885). In 386 CE chrysanthemum was introduced in 
Japan through Korea (Dowrick 1953) and became the crest and seal for the emperor and the symbol 
for the chivalric Order of the Chrysanthemum. Japan also has an annual festival on the ninth day of 
the ninth month, to celebrate the chrysanthemum flower. The word chrysanthemum originates from 
the Greek words for gold (chrysos) and flower (anthos). This name was given by Carolus Linnaeus in 
1753 (Species Plantarum) after chrysanthemums were introduced to Europe from Asia. He based this 
classification on the similarity between the small composite flowers of wild Asiatic chrysanthemums 
and the European daisies, Glebionis segetum and Glebionis coronarium, which were at that time 
called Chrysanthemum segetum and Chrysanthemum coronarium respectively, due to their yellow 
flowers. Consequently, he named this wild chrysanthemum indicum. Following Linnaeus’ example, 
the cultivated chrysanthemums that were introduced were classified as Chrysanthemum morifolium 
by Ramatuelle in 1792. Later, with more advanced taxonomical comparisons by Tzvelev in 1961, the 
Chrysanthemum genus was withheld for European daisies but the genus Dendranthema was 
proposed for the chrysanthemums introduced from Asia. This was (and still is) the source of 
confusion in nomenclature with both Chrysanthemum and Dendranthema being used to refer to the 
same genus. In 1995 Piers Trehane (Trehane 1995) proposed to restore the Dendranthema genus 
back to the original Chrysanthemum name. In 1999 the International Code of Botanical 
Nomenclature accepted the proposal during the International Botanical Congress in St Louis and the 
genus Chrysanthemum was officially reinstated. Yet many publications still use Dendranthema 
grandiflorum synonymously to Chrysanthemum morifolium.  
Ornamental chrysanthemums are herbaceous perennial plants with alternating deeply lobed leafs, 
classified as quantitative short day plants, so flowering is initiated by day lengths of around 11h 
(Spaargaren 2002). Under long days floral initiation can also be induced after a certain number of 
vegetative leaves have been formed (long day leaf number), both the day length and long day leaf 
number at which floral initiation occurs is genotype dependant (Cockschull 1978). 
Centuries of cultivation and selective breeding has made the cultivated chrysanthemum, 
Chrysanthemum morifolium Ramat. into a complex hexaploid hybrid consisting of six genomes with 
nine chromosomes (2n = 6x = 54 chromosomes) (Dowrick 1953). Therefore, it is often written as 
Chrysanthemum x morifolium Ramat (Fig. 1). The exact genetic background of this hybrid is unclear 
but is known to include several species including C. indicum (Wang et al. 2004a).  
Economically this hybrid, known as the florist's chrysanthemum and also referred to as the hardy 
garden mum, is the most important species. The Netherlands, Columbia and Malaysia are the main 
producers of cut flower chrysanthemums, supplying the European, American and Asian market 
respectively (Royal Flora Holland 2015). For potted chrysanthemums Italy, Belgium and Germany are 
the main producers. Especially in Flanders, Belgium, the breeding and production of potted 
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chrysanthemum is important with a yearly production of about 11.5 million plants 
(http://www.flandersplants.be/potchrysanten).  
Fig. 1. Classification for the genus Chrysanthemum and the species Chrysanthemum x morifolium (Ramat). 
Shoot architecture as a quality trait in chrysanthemum 
Shoot architecture is an important quality aspect in most ornamental plants. Commercial 
chrysanthemum cultivars come in a variety of habit types. These different branching patterns can be 
genetic but can also be controlled by changing environmental conditions or pruning/training. Garden 
chrysanthemums can be classified as upright, cushion, shrub or wave. The upright type has either a 
single terminal flower with lower lateral buds removed (standard), or several lateral flowers with or 
without removal of the terminal flower (spray). Cushion type chrysanthemums are highly branched 
and spherical in shape with numerous flowers. The wave type has a prostrate growth habit with 
horizontally growing branches and upright flowers. Greenhouse chrysanthemums are sold as cut 
flowers or as potted plants. Cut flowers are upright either standard or spray type and potted 
chrysanthemums can be a combination of several upright plants or cushion types (Anderson 2007). 
The types of chrysanthemum that are most commonly produced in Belgium and the Netherlands are 
spray and standard (disbud) types for cut flowers and cushion types for garden chrysanthemums. 
These are also the types that were used in this thesis.  
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Fig. 2. The three types of chrysanthemum that were used in the experimental work of the thesis. 
The shoot architecture is mainly determined by the outgrowth of lateral buds through shoot 
branching (McSteen and Leyser 2005). The desired shape of a pot chrysanthemum is often a compact 
growth habit. This form is mostly realised by the growers by means of treatments with growth 
retardants, which generally include inhibitors of GA (gibberellic acid) biosynthesis such as 
paclobutrazol and chlormequat-Cl (Rademacher 2000) and pruning. But manipulation of shoot 
branching can be achieved in a number of ways, impinging on the physiological regulation of shoot 
growth. These include mechanical or chemical pruning, application of plant growth regulators, light 
quality, temperature and nutrients.  
Currently, increased regulation and costs limit these applications, therefore it is important to 
investigate alternative ways to control shoot architecture.   
Regulation of shoot branching 
The development and growth of plant tissues is determined by meristems. These are collections of 
undifferentiated and dividing cells. During embryogenesis, an apical-basal axis is established, forming 
a basal meristem and the apical meristem. The basal meristem gives rise to the roots, while 
aboveground structures are generally derived from the apical meristem (Domagalska and Leyser 
2011). The postembryonic growth of shoots derives from the shoot apical meristem (SAM) at the 
growing tip of a shoot (Bennett and Leyser 2006). The SAM consists of three different cell layers, L1, 
L2 and L3 (Fig. 3), that further constitute three zones, the central (CZ), peripheral (PZ) and rib zone 
(RZ) (Carles and Fletcher 2003). The L1 and L2 layers give rise to the epidermis and subepidermis 
while the L3 forms internal tissue of shoots, leaves and flowers. Rapid cell divisions in the peripheral 
zone produce the cells that form the leaf primordia that will finally grow into leaves. The cell divisions 
in the RZ form the central tissues of the stem. Less frequent divisions in the central zone maintain the 
meristematic identity of the SAM. In this way the SAM determines the main axis of the plant body. 
The rest is formed through shoot branching (Shimizu-Sato, 2001). 
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Fig. 3. Shoot apical meristem. The shoot apical meristem at the top or shoot apex of a plant with cell layers L1,L2 and L3, 
the central (CZ), peripheral (PZ), rib zone (RZ) and leaf primordia (LP). Axillary meristems are formed in the axils of leaves, 
derived from the PZ. 
Branching occurs through the action of secondary, axillary meristems. As the shoot grows, leaves are 
initiated by the SAM. In the axils of these leaves, the axillary meristems are derived from the PZ of 
the SAM (Shimizu-sato and Mori 2001). Some axillary meristems might grow out immediately into 
new plant organs, while others will form dormant axillary buds by initiating a few leaves and ceasing 
to grow. These buds remain metabolically active (Bennett and Leyser 2006) and are able to grow out 
later, through the action of endogenous and environmental signals (Domagalska and Leyser, 2011). 
The dormant state of the axillary buds can be classified in 3 groups: paradormancy, ecodormancy and 
endodormancy (Lang et al. 1987). Paradormancy is a dormant status that is regulated by signals 
within the plant, for instance plant hormones or photoassimilates. Ecodormancy involves 
environmental cues that regulate bud outgrowth, including light, temperature and nutrient 
availability. Endodormancy describes a state of dormancy that is released after a period of chilling. 
Endodormancy, also called true dormancy, is generally only found in woody plants, although some 
herbaceous perennials like leafy spurge (Euphorbia esula) display endodormancy, ecodormancy and 
paradormancy in their underground buds (Anderson et al., 2005). Chrysanthemum bud outgrowth 
has no chilling requirement and therefore only paradormany (apical dominance and hormonal 
regulation) and ecodormancy (light conditions) will be featured in the research chapters.   
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The external environmental cues that influence outgrowth of axillary buds include light, nutrient 
availability, temperature and pruning or removal of the shoot apex. Internally, shoot branching is 
mainly regulated by the interaction of three plant hormones, namely auxin, cytokinin and 
strigolactone. Auxin and strigolactones work together to inhibit shoot branching, while cytokine 
induces branching. A crucial factor in this regulation is the transport of these phytohormones to their 
target sites. Auxin is transported from young leafs and buds downwards to the roots (basipetal 
transport) (Petrasek and Friml 2009). This transport is mediated by specialized carrier proteins, PINs, 
in the basal membrane of the xylem parenchyma cells. Auxin regulates PIN expression and the 
localization of these carriers inside the membrane. This gives rise to a canalized top-down transport 
of auxin, called the polar auxin transport (PAT) (Sauer et al. 2006; Petrasek and Friml 2009; 
Adamowski and Friml 2015). 
The function of auxin in the control of shoot branching has since long been associated with apical 
dominance, the process of axillary bud outgrowth inhibition by the shoot apex (Cline 1991). Classical 
experiments showed bud outgrowth after removal of the shoot apex and bud outgrowth inhibition 
when auxin was applied to the decapitated stem (Thimann, 1939). Cytokinin is regarded as the 
antagonist for auxin and direct application can elicit bud outgrowth (Sachs and Thimann 1967). Auxin 
is produced in the young expanding leaves of the shoot apex and follows a basipetal polar transport 
through the stem (Goldsmith 1977). Auxin does not enter axillary buds directly, implying an indirect 
inhibitory effect of auxin on shoot branching (Snow 1937). These observations resulted in the 
formulation of two general hypotheses for the mechanism by which auxin regulates the inhibition of 
bud outgrowth (Fig. 4).  
The first hypothesis, the auxin transport canalization model, was first proposed as a system where 
auxin transport acts in a system of source to sink polarisation, where a positive feedback loop 
canalizes auxin transport in cell files in the direction of an auxin flux from source to sink (Sachs 1981). 
Bud activity requires the export of auxin from the bud to the stem. The auxin transport already 
present in the main stem, originating from young expanding leaves in the shoot apex (Ljung et al. 
2001) or outgrowing buds that establish a PAT, inhibits this export. The axillary buds and the apex are 
auxin sources, while the stem acts as an auxin sink. The auxin sources all compete for the same auxin 
sink (Balla et al. 2011). Auxin originating in the buds upregulates the expression of PIN proteins and 
inhibits PIN removal from the membrane and PIN recycling. This gives rise to files of cells that act as 
an auxin transport canal from source to sink (Vieten et al. 2005; Sauer et al. 2006). Bud activation 
depends on this canalization. The auxin flux from the bud establishes an auxin stream to the stem 
and depending on the strength of this auxin flux, the bud is activated. When the initial flux of auxin 
from the bud is too low, the buds will remain dormant. If the flux is high enough to establish a PAT 
stream to the stem, the buds will be activated. The capability of the stem to act as an auxin sink is 
called the sink strength. If the stem is already transporting a lot of auxin, it’s sink strength will be low 
and axillary buds will not be able to successfully establish auxin export to the stem, inhibiting their 
activation. If the stem is not transporting a lot of auxin, it’s sink strength is high and buds are able to  
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Fig. 4. Shoot branching model. 1) The auxin transport canalization model. Auxin flow from the shoot apex is shown in the 
xylem parenchyma with PIN1 proteins as major auxin efflux transporters in the basal membrane. Auxin induces the 
mobilization of PIN1 proteins in the basal membranes of the xylem parenchyma cells, thereby establishing a polar auxin 
transport stream. Auxin transport from axillary buds to the stem is required for bud outgrowth and this is hindered by auxin 
transport from the apex, occupying the polar auxin transport stream and strigolactone, which limits the mobilization of 
PIN1 proteins, thereby reducing the sink strength of the stem. 2) The second messenger model where auxin indirectly 
inhibits bud outgrowth by upregulation of strigolactone biosynthesis and downregulation of cytokinin biosynthesis, both 
hormones acting antagonistically on bud outgrowth through the transcription factor BRC1.      
establish PAT, resulting in bud outgrowth. This is the case after floral transition (Prusinkiewicz et al. 
2009) and in decapitated stems (Shimizu-Sato et al. 2009; Balla et al. 2011), where the lack of an 
apical auxin source increases the sink strength. The function of strigolactone in this model is to limit 
the mobilization of PIN1 transport proteins in the basal membrane of the xylem parenchyma cells, 
thereby lowering the auxin sink strength of the stem and inhibiting axillary buds from growing out 
(Shinohara et al. 2013).  This model implies that, unless buds are activated simultaneously, the first 
activated bud will export auxin to the stem, thereby decreasing the sink strength and preventing 
other buds from activating (correlative inhibition). Bud activation is thus dependant on the 
establishment of a polarized auxin transport and on the auxin source strength of the buds, as well as 
the auxin sink strength of the stem. 
Evidence in support of the auxin transport canalization model was found from observations in 
Arabidopsis where strigolactones induced a depletion of PIN1 proteins in the plasma membrane of 
xylem parenchyma cells, reducing the polar auxin transport stream and thereby inhibiting axillary 
bud outgrowth (Crawford et al. 2010; Shinohara et al. 2013). Strigolactone treatment in Arabidopsis 
tir3 mutants even showed the ability to induce bud outgrowth (Shinohara et al. 2013). These mutants 
have a compromised auxin transport and it is hypothesized that the systemic effect of strigolactone 
on PIN1 mobilisation could promote branching in a low auxin transport status (Waldie et al. 2014). In 
some cases, strigolactone treatment was also found to only inhibit axillary bud outgrowth in the 
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presence of an apical auxin source, which would be inconsistent with a direct bud inhibition by 
strigolactone (Bennett and Leyser 2006; Liang et al. 2010; Crawford et al. 2010). A role for cytokinin 
in this model could be through crosstalk of cytokinin with the biosynthesis transport and signalling of 
auxin (reviewed by El-Showk et al. 2013), specifically through a regulation of PIN1-proteins (Fig. 1). In 
pea it was shown PsPIN1 expression was upregulated in axillary buds upon treatment with cytokinin 
as well as after decapitation (Tanaka et al., 2006). 
A second hypothesis, the second messenger model, explains auxin’s indirect regulation of bud 
activation by the presence of a second messenger for auxin that is able to move to the buds to 
regulate their activity. Auxin has been shown to downregulate the expression of cytokinin 
biosynthesis ISOPENTENYL TRANSFERASE (IPT) genes (Nordström et al. 2004; Tanaka et al. 2006). 
Cytokinin degradation is stimulated by auxin through upregulation of CKX2 (CYTOKININ OXIDASE 2) 
(Shimizu-Sato et al. 2009). This results in lower cytokinin levels,  which are known to induce bud 
outgrowth (Sachs and Thimann 1967). Auxin also upregulates the expression of strigolactone 
biosynthesis genes (Foo et al. 2005; Arite et al. 2007; Brewer et al. 2009; Liang et al. 2010), which 
inhibits shoot branching. Both hormones are valuable candidates for this secondary messenger 
(Brewer et al. 2009; Braun et al. 2012; Dun et al. 2012). In this model, a central role is played by a 
transcription factor from the TCP family, BRC1, that integrates the signals from strigolactone and 
cytokinins to influence bud outgrowth. Expression of BRC1 in pea is upregulated by strigolactones 
and downregulated by cytokinin (Dun et al. 2012). Loss of function mutants of this transcription 
factor also show increased shoot branching in Arabidopsis, pea, rice (fc1) and maize (tb1) (Aguilar-
Martínez et al. 2007; Minakuchi et al. 2010; Guan et al. 2012; Braun et al. 2012).  
In spite of evidence in favour of the auxin transport canalization model, experiments with pea and 
Arabidopsis have revealed some results that support an inhibition of bud outgrowth by strigolactone 
independently of polar auxin transport. In pea plants where polar auxin transport was limited by 
decapitation or treatment with the auxin transport inhibitor napthyl thalamic acid (NPA), 
strigolactone treatment could still inhibit bud outgrowth (Brewer et al. 2015). Strigolactone deficient 
pea plant mutants also did not show any bud inhibition in spite of external auxin treatment 
(Beveridge et al. 2000). 
These two models are however not mutually exclusive. Being the novel class of plant hormones 
which came into play, strigolactones, which play a role in both hypotheses, increased the discussion 
about both models.       
Strigolactone regulation 
Strigolactones are derived from carotenoids. They were first described as germination stimulants in 
the parasitic Striga and Orobanche plants (Cook et al. 1966)  and as branching regulators in 
arbuscular mycorrhizae (Akiyama et al. 2005).  They are also involved in the regulation of shoot 
branching in plants (Gomez-Roldan 2008, Rameau, 2010; Beveridge and Kyozuka, 2010; Crawford et 
al., 2010, Liang et al., 2010). The biosynthesis of strigolactones (Fig. 5) occurs through oxidative 
cleavage of the carotenoid precursors by a carotenoid cleavage dioxygenase enzyme (CCD). This 
cleaved carotenoid is further oxidized by a cytochrome P450 mono-oxygenase (Kohlen et al., 2010). 
These CCD genes have been described in branching mutants of Arabidopsis (max for more axillary 
branching), pea (rms for ramosus), petunia (dad for decreased apical dominance)and in rice (d for 
dwarf and htd for high tillering dwarf). These mutants all show increased branching phenotypes and 
Chapter 1 
21 
have depleted strigolactone levels in roots and root exudates (Beveridge and Kyozuka, 2010). 
Grafting studies with double-mutants also showed that the mutant phenotype could be reverted by 
an upward graft-transmissible signal from wild-type roots (Beveridge et al. 2000; Foo et al. 2001). 
This demonstrates the activity of strigolactone as a long distance inhibitor of shoot branching. Two 
CCD genes have been described, CCD8 (MAX4/RMS1/DAD1/D10) and CCD7 
(MAX3/RMS5/HTD1/D17). The cytochrome P450 is encoded by MAX1 in Arabidopsis. Strigolactone 
transport protein PDR1 was discovered in Petunia where it is mostly active in strigolactone export 
from roots (Kretzschmar et al. 2012) and more research in the strigolactone transport mechanism is 
ongoing (Borghi et al. 2016). 
The strigolactone signalling involves the F-box protein MAX2/RMS4/D3 (Nelson et al. 2011) and the 
alpha/beta hydrolase DWARF14 (Yao et al. 2016). Perception of strigolactone by the D14-MAX2 F-box 
complex results in the degradation by ubiquitination of DWARF53/SMAXL (SUPPRESSOR OF MAX1 
LIKE) proteins. These act as a repressor of strigolactone signalling and interact with TOPLESS proteins 
as corepressors to regulate the expression of downstream transcription factors including BRC1 
(Soundappan et al. 2015; Wang et al. 2015). Another target for strigolactone signalling are the PIN 
auxin transport proteins.   
Fig. 5. Biosynthesis and signalling pathway for auxin, strigolactone and cytokinin. The genes that encode enzymes and 
proteins involved in the biosynthesis and signalling pathways are represented above the arrows in between each step. 
Auxin biosynthesis as presented here is limited to the indole-3-pyruvic acid pathway, which is a major route alongside the 
indole acetamide pathway. Indole-3-acetic acid (IAA) is formed from L-tryptophan through the activity of the TAA, TAR and 
YUCCA enzymes.Auxin transport involves influx proteins AUX1/LAX and efflux proteins ABCB and PIN. TIR3 is required for 
polar auxin transport through intracellular localisation of PIN1 proteins. Auxin signalling involves the formation of an F-box 
complex with TIR1, AXR1 and AXR6 that leads to the derepression of auxin response factors (ARFs) through degradation of 
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AUX/IAA repressors. Downstream targets for auxin signalling involved in shoot branching are the strigolactone biosynthesis 
genes MAX and MAX4, cytokinin biosynthesis and PIN auxin transport genes. The biosynthesis of strigolactone starts with 
an isomerase enzyme (D27) that converts trans-β-carotene to 9-cis-β-carotene. The CCD enzymes MAX3 and MAX4 convert 
this carotene to carlactone, which is oxidised into bioactive strigolactone by the cytochrome P450 monooxygenase MAX1. 
Strigolactone is transported through the xylem and not much is known about SL transport proteins besides PDR1 in Petunia 
and PDR6 in Nicotinia. SL signalling involves perception by a D14/MAX2 complex which leads to degradation of SMXL 
proteins, derepressing the expression of downstream target like BRC1. The first, and rate-limiting step, in the formation of 
isoprenoid cytokinins is isopentenyl transferase (IPT).  Only the formation of trans-zeatin is presented in this figure and it 
involves the cytochrome P450 enzyme CYP735A and LONELY GUY (LOG). Cytokinin transport happens in both the xylem and 
the phloem but not much is known about transport proteins; in Arabidopsis an ABC protein ABCG14 plays a role in the root-
to-shoot transport. Cytokinin signalling involves a two-component system where cytokinin induces a phosphoryl group to 
be passed from a histidine kinase (AHK) to a histidine phosphotransferase (AHP) and leads to the phosphorylation of 
response regulators (ARR). Phosphorylate type B ARRs can initiate transcription of cytokinin response genes while type A 
ARRs, which are inhibitors of cytokinin signalling, are stabilised. Downstream cytokinin targets involved in shoot branching 
are BRC1 and PINs.   
Strigolactone signalling is integrated in the auxin signalling pathway by feedback loops and both 
hormones interact through BRC1 to regulate shoot branching (Fig.1 Shoot branching model). Auxin 
promotes the expression of strigolactone biosynthesis genes (Brewer et al. 2009; Hayward et al. 
2009) and strigolactones limit auxin transport (Crawford et al. 2010; Shinohara et al. 2013). The 
action of strigolactones on auxin transport happens through the regulation of PIN proteins, which are 
carriers for cellular auxin transport. This has been experimentally demonstrated through the reduced 
accumulation of PIN1 proteins in xylem parenchyma cells upon treatment with synthetic 
strigolactone GR24. Increased auxin transport in max mutants was also shown to be associated with 
increased accumulation of PIN1 (Crawford et al., 2010).  
Strigolactone in horticultural crops and chrysanthemum 
In horticultural and ornamental plants some homologues of the genes involved in strigolactone 
biosynthesis and signaling have also been identified (Table 1). Several studies have shown the 
involvement of these genes in the control of shoot architecture. In monkeyflower, Mimulus gutatus, 
axillary bud outgrowth was identified as the primary factor behind the divergent branch number that 
was seen in locally adapted populations. Additionally, the expression of MAX genes was reported to 
be highly correlated with this divergent branching pattern (Baker et al. 2012). Similarly, the 
strigolactone genes MAX2, MAX3, MAX4 as well as BRC1 were found to be significantly associated 
with the shoot branching in chrysanthemum populations (Klie et al. 2016). In sunflower the MAX2 
gene was found to be under selection in the breeding of sunflower for low branching (Mandel et al. 
2014). In Crocus sativus the MAX4 gene was found to be highly expressed in dormant axillary buds 
and this expression decreased with decapitation and activation of bud outgrowth (Rubio-Moraga et 
al. 2014). In Petunia hybrida all MAX genes have been isolated and their expression was reported to 
change during plant development and specifically to influence the shoot branching (Drummond et al. 
2009; Drummond et al. 2011). These result support the idea that strigolactones play a fundamental 
part in the regulation of axillary bud outgrowth. Therefore strigolactone compounds and chemicals 
that can influence the strigolactone pathway are of interest to be applied as plant growth regulators 
in order to control branching.  
Chapter 1 
23 
Table 1. Strigolactone biosynthesis and signaling pathway genes in horticultural crops. 
Shoot 
architecture 
gene 
Function and reference for 
Arabidopsis 
Chrysanthemum 
morifolum 
Helianthus 
annuus 
Petunia 
hybrida 
Rosa 
wichurana 
Rhododendron 
simsii hybrids 
Crocus 
sativus 
Mimulus 
gutatus  
MAX1 Encodes a protein of the 
CYP711A cytochrome P450 
family. MAX1 is expressed in the 
vascular tissue of stem and 
axillary buds and MAX1 mutants 
show increased axillary branches.  
MAX1 mediates the final step in  
the biosynthesis of bioactive 
strigolactones.  
(Stirnberg et al. 2002) 
Dierck et al., 
2016 
Drummond 
et al., 2011 
Djennane et 
al., 2013  
De Keyser et al., 
unpublished 
Baker et 
al., 2012 
MAX3 Encodes a carotenoid cleavage 
dioxygenase (CCD) protein CCD7,  
along with CCD8, involved in 
converting carotenoids to 
carlacton in strigolactone 
biosynthesis. MAX3 mutants 
show increased branching 
(Booker et al. 2004) 
Xi et al., 2015 Drummond 
et al., 2009 
Rubio-
Morega et 
al., 2014 
Baker et 
al., 2012 
MAX4 Encodes a carotenoid cleavage 
dioxygenase (CCD) protein CCD8, 
along with CCD7, involved in 
converting carotenoids to 
carlacton in strigolactone 
biosynthesis. MAX4 mutants 
show increased branching. 
(Sorefan et al. 2003) 
Liang et al., 2010 Mandel et 
al., 2014 
Drummond 
et al., 2009 
Rubio-
Morega et 
al., 2014 
Baker et 
al., 2012 
D27 Encodes a β-carotene isomerase 
protein that is involved in the 
first step of carotenoid 
conversion. D27 mutants show 
increased branching and 
decreased length.  
(Waters et al. 2012a) 
Wen et al., 2016 
MAX2 Encodes an F-box protein 
involved in strigolacton 
perception and signaling. MAX2 
mutants show increased 
branching.  
(Stirnberg et al. 2007) 
Dong et al., 2013 Mandel et 
al., 2014 
Drummond 
et al., 2011 
Djennane et 
al., 2013 
Dekeyser et al., 
unpublished 
Baker et 
al., 2012 
D14 Encodes an α/β-hydrolase 
protein involved in the 
strigolactone perception and 
signaling along with MAX2.  
(Yao et al. 2016) 
Wen et al., 2015 Hamiaux et 
al., 2012 
BRC1 Encodes a TCP transcription 
factor that integrates the signals 
controlling axillary buds and is 
downstream of MAX2 signaling. 
BRC1 mutants show increaced 
branching. 
(Aguilar-Martínez et al. 2007) 
Chen et al., 2013 
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Strigolactone agonists 
Strigolactone agonists could come in the form of the naturally occurring strigolactones as for 
example: strigol, deoxystrigol, orobanchol and sorgolactone (Zwanenburg and Pospísil 2013) or in the 
synthetic forms like CISA, GR24, Nijmegen-1, GR7 etc. (Rasmussen et al. 2013; Zwanenburg et al. 
2016). Several strigolactone compounds have already been tested for applications as a germination 
stimulant for parasitic plants to induce suicidal germination (Zwanenburg and Pospísil 2013). A role 
for strigolactone in seed germination was also uncovered in thermo-inhibited seeds of Arabidopsis 
(Toh et al. 2012), where strigolactone treatment could alleviate thermo-inhibition and secondary 
dormancy. This suggests a role of strigolactones in the seed germination of non-parasitic plants as 
well. In this aspect, karrikins, which have similar to strigolactones a lactone ring in their structure, are 
stimulants of seed germination that are derived from the smoke of burning plant material. These 
karrikins share the same signaling pathway through the MAX2 protein and karrikins or derived 
structures could therefore also prove to be interesting as germination stimulants. The specific 
reponse to karikins is mediated through perception by the D14 paralogue KAI2, and therefore distinct 
from strigolactone response which happens through D14 itself (Waters et al. 2012b). 
Concerning shoot growth, the application of the synthetic strigolactone GR24 was shown to inhibit 
axillary bud growth in a wide range of plants including Arabidopsis (Gomez-Roldan et al. 2008), 
chrysanthemum (Liang et al. 2010), rice (Umehara et al. 2008), Alstroemeria (Pumisutapon 2012) and 
pea (Dun et al. 2013). Strigolactone analogues with a dimethyl butenolide instead of a D-ring, 
described by Boyer et al. (2014),  showed branching inhibition in pea but no activity in the 
germination of parasitic weeds or arbuscular mycorrhizal fungi. This suggests different strigolactone 
reception mechanisms for the shoot growth regulation and the rhizosphere activity. These specific 
compounds could be useful in a context where axillary bud growth must be controlled without 
stimulating parasitic weed germination.   
Strigolactone antagonists 
Substances that inhibit the strigolactone biosynthesis pathway have also been described. Triazole 
derived compounds (TIS13, TIS108) were shown to lead to increased tillering in rice (Ito et al. 2010) 
and reduced levels of strigolactone in root exudates (Ito et al. 2011). These triazole derivatives act as 
inhibitors of the P450 monooxygenase enzymes and therefore block the function of MAX1 in the 
strigolactone biosynthesis. Some triazole derivatives, like TIS13, show effects beyond strigolactone 
processes that lead to dwarfed growth by presumably influencing gibberellin and brassinosteroid 
biosynthesis as well (Ito et al. 2010). A triazole derivative with a specific inhibition of strigolactone 
biosynthesis was revealed with TIS108, of which application resulted in an increased number of 
branches in Arabidopsis (Ito et al. 2013a). The triazole fungicide tebuconazole and derivatives were 
also found to reduce strigolactone biosynthesis in rice (Ito et al. 2013b). Besides targeting the P450 
monooxygenase enzyme MAX1, other target sites of the strigolactone biosynthesis pathway have 
been explored for designing new chemicals to influence strigolactone processes (Nakamura and 
Asami 2014). Abamine is a molecule that inhibits carotenoid cleavage dioxygenase enzymes like 
MAX3 (CCD7) and MAX4 (CCD8) in the strigolactone pathway (Kitahata et al. 2011) but also NCED in 
the ABA (abscisic acid) biosynthesis pathway (Han et al. 2004). Other inhibitors of the CCD enzymes 
were found in arylalkyl-hydroxamic acid compounds. In Arabidopsis, application of some of these 
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inhibitors showed increased shoot branching without negative effects on whole plant growth 
(Sergeant et al. 2009). These substances could be useful as potential plant growth regulators to 
control axillary bud outgrowth. 
Non-hormonal regulation of shoot branching 
Aside from endogenous hormonal regulation, there are environmental factors such as light, 
temperature and nutrient availability that can influence axillary bud outgrowth in the context of 
ecodormancy (Lang et al. 1987). Sucrose is also included here since it was recently shown to be 
involved in apical dominance and bud outgrowth (Mason et al. 2014). An overview of the different 
factors influencing axillary bud outgrowth is depicted in Fig. 6. 
Sucrose 
Recent studies on apical dominance in pea plants have revealed a role for sucrose in the control of 
axillary bud outgrowth. Mason et al. (2014) showed that auxin depletion in the stem did not occur at 
a rate fast enough to account for bud outgrowth after decapitation. The rate of photo-assimilates 
could be correlated to the rapid initiation of bud outgrowth after decapitation. Furthermore, they 
showed that a range of different concentrations of exogenous sucrose supplied to pea plants could 
induce the same rapid bud outgrowth response and this involved an inhibition of BRC1 expression, 
indicating a role of sucrose as both an energy supply and a signal. These results have indicated a 
significant role of sucrose in apical dominance and bud outgrowth regulation.  
Flowering 
Shoot branching and apical dominance is further influenced by the development of flowering in 
plants. Floral initiation involves the transition of the vegetative shoot apex into an inflorescence 
meristem, which is accompanied by changes in hormone levels (Zeevaart 1976). In many species, 
including chrysanthemum, floral transition results in the loss of apical dominance and outgrowth of 
axillary buds. The florigen pathway with the floral activator FT (FLOWERING LOCUS T) and floral 
repressor TFL1 (TERMINAL FLOWER1) has been implicated to be involved in the regulation of shoot 
branching with a high FT/TFL1 ratio resulting in increased branching whereas a low FT/TFL1 ratio 
decreases branching (Shalit et al. 2009).  In Arabidopsis, it has been shown that FT interacts with 
BRC1 (Niwa et al. 2013). This has led to the hypothesis that on the one hand BRC1 could inhibit floral 
transition through interaction with FT and on the other hand FT might stimulate bud outgrowth 
through interaction with BRC1 (Rameau et al. 2015).  
Light 
Light has an obvious influence on plant growth as an energy source. Higher light intensities have 
been associated with increased bud outgrowth (Leduc et al. 2014). Light quality changes with the 
environment and its perception by plant, conveys information which the plant can use to adapt to a 
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Fig. 6. Overview of endogenous and environmental factors that affect bud outgrowth. Arrows show inhibition of bud 
outgrowth by auxin, cytokinin, far-red light and a positive difference between day and night temperature (+DIF). Cytokinin, 
red light and a negative difference between day and night temperature (-DIF) stimulate bud outgrowth. Sucrose that is 
diverted from axillary buds (dashed arrows) to the shoot apex (full arrow) causes bud inhibition. 
changing environment. Important for shoot branching and axillary bud outgrowth is the shade 
avoidance syndrome, where changes in the ratio of red (R) to far-red (FR) are perceived by the 
Phytochrome B (PhyB) photoreceptor and low R:FR ratios lead to shoot elongation, reduced 
branching, petiole elongation and a more leaf hyponasty. This constitutes a strategy for plants to 
escape canopy shading, where red light is absorbed by surrounding plants and far-red light is 
transmitted and reflected. Blue and UV light, perceived by cryptochromes, phytochromes and 
phototropins, are also known to result in reduced plant heights and have a species dependent effect 
on shoot branching (Huché-Thélier et al. 2016). 
Shoot branching through PhyB signalling as a response to changes in the R:FR ratio has been shown 
to be transduced by BRC1, which also acts as a central regulator, integrating hormonal cues. A low 
R:FR ratio results in increased branching and showed increased BRC1 expression (González-Grandío 
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et al. 2013). High R:FR ratios on the other hand have shown down regulation of BRC1 (Kebrom et al. 
2006; Kebrom et al. 2010). Auxin and strigolactone signalling are also involved in the response of 
shoot branching to light quality. The perception of low R:FR light by PhyB is linked with auxin 
signalling and low R:FR light conditions lead to increased IAA levels and increased expression of auxin 
responsive genes (Halliday et al. 2009). Active PhyB (under high R:FR light) promotes branching 
through the suppression of auxin signalling in Arabidopsis (Krishna Reddy and Finlayson 2014) and 
the control of bud outgrowth with a low R:FR perceived by PhyB, requires a functional strigolactone 
signalling gene MAX2 (Finlayson et al. 2010). In rose it was revealed that cytokinins are also 
important parts of the light signalling pathway to control axillary bud outgrowth. This was shown by 
upregulation of cytokinin biosynthesis, activation and transport genes and downregulation of 
cytokinin oxidation gene CKX1 upon plant exposure to light, triggering bud outgrowth (Roman et al. 
2016). 
Temperature 
As a part of ecodormancy, rising temperatures after a cold period are frequently required for bud 
outgrowth (Lang et al. 1987). Another important aspect of temperature on plant architecture is the 
difference between day and night temperature (DIF) but also a drop or increase in temperature at 
the end of the night or in the early morning. A negative DIF results in decreased shoot elongation 
while a positive DIF stimulates elongation in a multitude of plants including chrysanthemum. 
Similarly negative DIF was reported to show increased lateral branching while positive DIF reduced it 
(Myster and Moe 1995). To keep plant growth compact a negative DIF is often used for horticultural 
crops in the greenhouse (Myster and Moe 1995). The involvement of gibberellic acid in the 
elongation response of DIF  is known (Erwin and Heins 1995; Myster and Moe 1995; Grindal et al. 
1998) and more recently Bours et al. (2015) showed the involvement of auxin and ethylene signalling 
in interaction with PHYTOCHROME INTERACTING FACTORS (PIFs) to be involved in the hypocotyl 
elongation response of Arabidopsis to positive or negative DIF. While a negative DIF apparently 
presents a manageable application to control compactness of plants and improve shoot architecture, 
it is a very costly procedure to keep high night temperatures and it could be more energy efficient to 
use a positive DIF and apply alternative growth retardants (Blanchard and Runkle 2011). 
Nutrients 
Nutrient deficiency promotes root growth in favor of shoot growth and consequently causes reduced 
shoot branching. This involves interaction of soil nitrogen and phosphate levels with cytokinin and 
strigolactone signaling to control axillary bud outgrowth. In Arabidopsis, levels of nitrogen are 
involved in upregulating the cytokinin biosynthesis in roots, which induces bud outgrowth when 
transported to shoots. Low levels of soil nitrogen and phosphate result in reduced cytokinin 
biosynthesis, corresponding with inhibition of axillary bud outgrowth (Wang et al. 2004b). In rice and 
chrysanthemum, phosphate deprivation results in inhibition of axillary bud outgrowth associated 
with increased biosynthesis of strigolactones (Umehara et al. 2010; Xi et al. 2015). In accordance with 
this, phosphate limitations are also known to result in increased compactness in horticultural crops 
(Nelson et al. 2012; Wiser et al. 2016). 
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Integration of branching regulation and the importance of shoot branching 
research 
The different endogenous and environmental factors that play a role in axillary bud outgrowth are 
part of a complex regulation mechanism that involves crosstalk between the plant hormones, 
endogenous supply of photoassimilates and environmental cues. This complexity is a necessary 
adaptation of plants to have a strategy for surviving a multitude of adverse environmental conditions 
such as canopy shading, low nutrient availability, low temperatures and tissue damage and 
herbivory. Many aspects of this regulation have been uncovered and although there are some 
diverging hypotheses about the exact regulation mechanisms, all models include the involvement of 
the plant hormones auxin, cytokinin and strigolactone. Further investigation into the regulation of 
axillary bud outgrowth and advances in modelling techniques will ultimately lead to an consolidation 
of these models, which is not only interesting for basic research but also offers opportunities for 
applications in controlling shoot branching for improved yield and ornamental quality. 
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Introduction 
The morphological response to light quality in plants is part of a strategy to adapt to a changing light 
environment. This is regulated by the interaction between plant photoreceptors sensitive to 
particular wavelengths and their downstream signaling pathways. The most striking effect of light 
composition on shoot architecture is the shade avoidance syndrome. This phenomenon describes the 
elongated growth of plants, growing in high density, to escape canopy shading (Pierik and de Wit 
2014). The shade avoidance response includes increased internode elongation, inhibited axillary bud 
outgrowth, petiole elongation and upward bending of leaves (hyponasty). This response to shading is 
caused by changes in the red (R) to far-red (FR) light ratio, resulting in a FR enhancement that is 
perceived by the plant photoreceptors. In a dense canopy, the surrounding foliage absorbs red light, 
while much more far-red light reaches the lower canopy. The R:FR ratio is calculated by dividing the 
photon irradiance between 660 and 670 nm (R) with the photon irradiance between 725 and 735 
(FR). This R:FR ratio ranges from 1.2 in daylight to 0.1 under canopy shading  (Franklin 2008). Blue 
and UV light are also known to be involved in plant photomorphogenic responses and are perceived 
by a number of photoreceptors, including phytochromes, cryptochromes,  and phototropins. Blue 
light and UV light generally show reduced plant height and effects on shoot branching are species 
dependent (for review see Huché-Thélier et al. 2016). Stem elongation in chrysanthemum is also 
inhibited by blue light treatment (Shimizu et al. 2006). 
The shade avoidance response includes involvement of cryptochrome and phytochrome A (Casal 
2013) but the phytochrome B (PHYB) photoreceptor predominantly regulates the response to red 
and far-red light (Pierik and de Wit 2014). Phytochrome B is present in two forms: the inactive Pr and 
the active Pfr form. The Pr form absorbs red light and gets converted to the Pfr form. The Pfr form 
absorbs far-red light, which reverts the receptor to the Pr form. In this way a changing red to far-red 
ratio results in a changing equilibrium between phytochrome B in the inactive Pr or the active Pfr 
form. This relationship is quantified by the phytochrome photostationary state (PSS) or 
photoequilibrium, quantified by the ϕ-value as the ratio of the Pfr form to the total phytochrome B. 
Using spectroradiometric data and phytochrome absorbance, the ϕ-value can be estimated (Sager et 
al. 1988). This value is considered to be more closely correlated to plant responses than the R:FR 
ratio because the phytochrome photo-conversion involves interacting wavelengths between 350 and 
850 nm (Kelly and Lagarias 1985; Sager et al. 1988). Daylight conditions have a ϕ-value of around 
0.81 while single source red and far-red light have ϕ-values of 0.87 and 0.2, respectively.  
A low red to far-red ratio, characterized by a low ϕ-value, has been linked to an increased 
biosynthesis of auxin, associated with the shade avoidance response (Halliday and Martı 2009). Auxin 
is responsible in this response for shoot elongation and also influences the axillary bud outgrowth 
through the mechanism of auxin in apical dominance, where growth of the shoot apex inhibit 
outgrowth of underlying axillary buds (Cline 1991). This interaction of light and auxin has been 
demonstrated in Arabidopsis, where auxin responsive genes were found to be upregulated in PhyB 
mutants, which have a reduced branching phenotype (Krishna Reddy and Finlayson 2014). This 
indicates a promotion of branching through repression of auxin signaling by PHYB activation with a 
high R:FR ratio. Inactivation of PHYB by a low R:FR (or in the phyB mutant) upregulates auxin 
responsive genes and inhibits branching. Phytochrome interacting factors PIF4 and PIF5 have been 
shown to be involved in this interaction of PHYB and auxin signaling (Hornitschek et al. 2012). 
Furthermore, also auxin biosynthesis plays a role, as increased accumulation of  IAA has been shown 
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in Arabidopsis seedlings under low R:FR conditions (Keuskamp et al. 2010). A low R:FR ratio has also 
been shown in sorghum and Arabidopsis to promote the expression of the BRC1 transcription factor, 
associated with inhibition of bud outgrowth, through PHYB signaling (Kebrom et al. 2006; Finlayson 
et al. 2010). In addition, involvement of strigolactones has also been shown in sorghum, where the 
strigolactone signaling gene MAX2 was required for the effect of PHYB on shoot branching (Kebrom 
et al. 2006; Kebrom et al. 2010). 
The effect of light quality and the shade avoidance response could be applied to control shoot 
architecture and the outgrowth of axillary buds. Some studies have made use of spectral filters with 
a CuSO4 solution or a far-red absorbing dye, to block out far-red light and increase the compactness 
of plants. This was reported to result in reduced plant height and internode length in 
chrysanthemum (Rajapakse et al. 1992; Li et al. 2003; Khattak et al. 2004) as well as in other species 
(reviewed by Rajapakse et al. 1999).  
Another way to adjust the R:FR ratio is to use R and FR light sources. In many plants, using FR light (or 
low R:FR) results in increased plant height and decreased bud outgrowth and bud length (Demotes-
Mainard et al. 2016).  R and FR LED light sources have been examined in chrysanthemum for flower 
bud induction (Singh 2013; Jeong et al. 2014), rooting and biomass (Kurilčik et al.; Hong et al. 2015; 
Christiaens et al. 2015) as well as plant height (Lund et al. 2007). In this study we investigated the 
effect of different combinations of red, blue and far-red LED light, compared to fluorescent light on 
shoot architecture (plant height and bud outgrowth) in chrysanthemum.  Treatments with far-red 
LED light were always given in combination with other light spectra (in this case blue), since far-red 
light does not contribute to the photosynthetic active radiation (McCree 1971). 
In cut flower chrysanthemum, the final shape of the plant is required to be elongated and 
unbranched, except for some branches with flowers near the apex. In the production of cut flowers 
with a single top flower (disbud types), axillary buds have to be removed manually. In general 
though, the early production phase of these types still requires a compact growth for better shoot 
quality, for which growth retardants are used. Only rarely, if plants would reach insufficient length 
through natural growth, GA is used to stimulate elongation. In that case a light treatment could 
present a non-chemical alternative to control growth. The production of pot and garden 
chrysanthemums requires a highly branched, bushy plant habit. In this study, we tested different LED 
combinations to find a light recipe to stimulate axillary bud outgrowth and a bushy architecture for 
pot and garden chrysanthemums, as well as a light treatment that inhibits outgrowth of axillary buds 
for disbud type chrysanthemums.  
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Materials and Methods 
Plant material 
Unrooted cuttings of different chrysanthemum genotypes were obtained from Gediflora (genotype 
C9), Dataflor (genotype C13) and Dekker Chrysanten (genotype C17). Genotype C9 is a pot 
chrysanthemum type, characterized by a short growth habit and spontaneous branching. C13 is a 
special type of disbud chrysanthemum from which unwanted lateral buds are being removed during 
growth in order to obtain large flowers. C17 is a cut flower chrysanthemum with an elongated 
growth habit and strong apical dominance. Cuttings were rooted in a standard greenhouse at 20°C 
under long day light (16h SON-T 100 µmol.m-2.s-1 ) conditions for 3 weeks before start of the 
experiment in the LED growth chamber. In all experiments rooted cuttings were randomly placed in a 
56-cell tray for each treatment. 
Growth conditions and measurements 
Light conditions in the growth chamber (MAIS AUTOMATISERING NV, St. Katelijne Waver Belgium) 
were set by adjusting the fluence rate of red, far-red and blue light (Phillips Green Power LED 
research modules) with a total fluence rate of 60 µmol.m-2.s-1  PAR (Photosynthetic active radiation) 
light.  Fluorescent light (FL: cool white Philips Master TLD 36W/840) of 60 µmol.m-2.s-1 served as a 
control condition in a separate growth chamber for the second and third experiment. The light 
spectra of the blue, red, far-red and fluorescent light sources is found in supplementary figure S1. In 
the second  experiment, fluence rates of 30 and 90 µmol.m-2.s-1  were also tested. The temperature 
was set at a constant temperature of 20°C with a relative humidity of 70% and 19h photoperiod. The 
spectral distribution of light intensity between 200 and 900 nm was measured with a JAZ 
spectrophotometer (Ocean Optics) and converted with Spectrasuite (Ocean Optics) and Excel to 
µmol.m-2.s-1 values. Fluence rate of FR light is also expressed as µmol.m-2.s-1 but does not contribute 
to the total PAR (total fluence rate between 300 and 700 nm).The ϕ-value was calculated using 
phytochrome absorbance data from Sager et al. (1988). Rooted cuttings were kept in the growth 
chamber for 6 weeks. 
1. In the first experiment 25 rooted cuttings of cut flower chrysanthemum genotype C17 were
tested per treatment. Ten of these cuttings were decapitated at the start of the experiment
and 15 were left intact. The used light qualities and fluence rates are in Table 1. The
treatments with R and BFR represented an extremely high ϕ-value of 0,88 and an extremely
low ϕ-value of 0,2 respectively. These treatments were also given at an fluence rate of 30
µmol.m-2.s-1and 90 µmol.m-2.s-1. Treatment with 60 µmol.m-2.s-1 FL was used as a control. 60
µmol.m-2.s-1 blue light and other combinations of blue and red light were added to include
intermediate ϕ-values for 60 µmol.m-2.s-1.
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Table 1. Light conditions for rooted cuttings of genotype C17. The first column encodes the different light treatments 
according to the fluence rate of red, far-red, blue or fluorescent light in the recipe. The R, FR and B columns present the 
fluence rates provided by the red, far-red and blue LEDs respectively for each treatment. The FL column presents the 
fluence rate of the treatment with fluorescent light. The PAR column shows the fluence rate for the photosynthetic active 
radiation that does not include FR light. The last column presents the ϕ-value that was estimated with a JAZ 
spectrophotometer.  
Fluence rate (µmol.m-2.s-1) 
Code R FR B FL PAR ϕ-value 
60R 60 0 0 0 60 0.89 
60B 78FR 0 78 60 0 60 0.20 
60B 0 0 60 0 60 0.51 
30R 30B 30 0 30 0 60 0.84 
10R 50B 10 0 50 0 60 0.8 
50R 10B 50 0 10 0 60 0.88 
60FL 0 0 0 60 60 0.84 
90B 78FR 0 78 90 0 90 0.20 
90R 90 0 0 0 90 0.89 
30B 50FR 0 50 30 0 30 0.18 
30R 0 0 0 0 30 0.89 
2. In the second experiment rooted cuttings of cultivars C9, C13 and C17 were grown under
different light conditions listed in Table 2 and Table 3.
A first part of the experiment consisted of 3 light treatments (Table 2): the two treatments
with extreme ϕ-values were selected from the previous experiment and the treatment with
44R16FR16B was chosen to more closely resemble the R:FR ratio and ϕ-value of natural light.
Cuttings were treated for 6 weeks in the growth chamber and half were decapitated, while
the other half was left intact at the moment of insertion in the growth chamber. Both for
intact and decapitated plants 15 cuttings were measured per treatment.
Table 2. Light conditions for rooted cuttings of genotype C9, C13 and C17. The first column encodes the different light 
treatments according to the fluence rate of red, far-red, blue or fluorescent light in the recipe. The R, FR and B columns 
present the fluence rates provided by the red, far-red and blue LEDs respectively for each treatment. The PAR column 
shows the fluence rate for the photosynthetic active radiation that does not include FR light. The last column presents the 
ϕ-value that was estimated with a JAZ spectrophotometer. 
Fluence rate (µmol.m-2.s-1) 
Code R FR B PAR ϕ-value 
60R 60 0 0 60 0.89 
44R16B16FR 44 16 16 60 0.81 
60B60FR 0 60 60 60 0.20 
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The second part of the experiment used rooted cuttings of the same genotypes and 
consisted of 4 light treatments (Table 3). The 57R3B treatment was chosen to represent the 
95% red light and 5% blue light of SON-T lighting. The FL treatment was used as a control and 
the 2 treatments with extreme ϕ-values were included. Treatments were given for either 6 
weeks in the growth chamber or for 3 weeks in the growth chamber, followed by 3 weeks in 
the greenhouse. Per treatment 10 decapitated cuttings were measured. 
Table 3. Light conditions for rooted cuttings of genotype C9, C13 and C17. The first column encodes the different light 
treatments according to the fluence rate of red, far-red, blue or fluorescent light in the recipe. The R, FR and B columns 
present the fluence rates provided by the red, far-red and blue LEDs respectively for each treatment. The FL column 
presents the fluence rate of the treatment with fluorescent light. The PAR column shows the fluence rate for the 
photosynthetic active radiation that does not include FR light. The last column presents the ϕ-value that was estimated 
with a JAZ spectrophotometer. 
Fluence rate (µmol.m-2.s-1) 
Code R FR B FL PAR ϕ-value 
60FL 0 0 0 60 60 0.84 
60R 60 0 0 0 60 0.89 
57R3B 57 0 3 0 60 0.89 
60B60FR 60 60 0 0 60 0.19 
In all experiments, axillary bud length and the number of nodes were measured after 6 weeks under 
light treatment. The percentage of outgrown axillary buds was estimated by the ratio of the number 
of buds larger than 0.5 cm to the total number of nodes. On intact plants, plant height and internode 
length were measured as well. Internode length is presented as the ratio of plant height to the 
number of internodes.  
Statistics 
ANOVA with Levene’s  and Shapiro-Wilk tests for assumptions and Tukey post hoc analyses were 
performed with Statistica 64, StatSoft, Inc. (2014).  
Results 
In the first experiment, rooted cuttings of cut flower chrysanthemum genotype C17 were grown for 6 
weeks under different light qualities and fluence rates, listed in table 3. For each light treatment one 
part of the cuttings was decapitated and the other was left intact prior to being put in the growth 
chamber. For this reason internode length and plant height was only measured on intact plants (Fig. 
1E,F). In the intact plants, the percentage of bud outgrowth was low throughout all light treatments 
with only a noticeable difference in the 90R treatment (Fig. 1A). The decapitated plants showed a 
higher percentage of bud outgrowth, ranging from 20 to 50%. In the treatments with the fluence rate 
of 60 µmol.m-2.s-1 the plants under 60R and 30R30B, showed a significantly higher percentage of 
outgrown buds than the 60BFR treatment (Fig. 4B). The 60B and the 60FL treatments showed similar 
percentages of bud outgrowth that were somewhat smaller than the other treatments. In the 30 
µmol.m-2.s-1 fluence rate treatments, the 30R showed a higher percentage of bud outgrowth than 
30BFR, like in the 60 µmol.m-2.s-1 treatments, but in the 90 µmol.m-2.s-1 treatments this was not the 
case and the bud outgrowth percentage was similar in 90R and 90BFR.  
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Fig. 1. Shoot architecture measurements in intact and decapitated C17 chrysanthemum cuttings under different light 
treatments. A) Percentage of bud outgrowth of intact plants (n=15 ±SE). B) Percentage of bud outgrowth of decapitated 
plants (n=10 ±SE). C) Bud length of intact plants (n=15 ±SE). D) Bud length decapitated plants (n=10 ±SE). E) Plant height of 
intact plants (n=15 ±SE). F) Internode length of decapitated plants (n=15 ±SE). Letters indicate significant differences at a p-
value <0.05 with ANOVA and Tukey HSD post-hoc. 
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The bud length of intact plants was low and did not differ much between the different treatments, 
however, treatments with BFR and B light showed significantly lower bud lengths compared to the 
other treatments for all 3 intensities that were tested (Fig. 1C). The decapitated plants under a 
fluence rate of 60 µmol.m-2.s-1, showed the highest axillary bud length in the 60R treatment and the 
lowest in the 60BFR treatment (Fig. 1D). In the 30 and 90 µmol.m-2.s-1  treatments, the bud length 
was also higher in the R than in the BFR treatment, but the difference between R and BFR was only 
significant at 60 and 90 µmol.m-2.s-1. The other treatments at 60 µmol.m-2.s-1  showed similar bud 
lengths. The bud length of decapitated cuttings was generally higher at the positions that were 
closest to the shoot apex and especially for the treatment with 60R. This is shown by the greater bud 
lengths of the first five positions under the apex compared to the   bud length of the rest of the nodal 
positions (boxplots S2.) 
The intact plants showed a difference in plant height between the light intensities, with a decreasing 
plant height at lower light intensities for both the R and BFR treatments. For the different light 
qualities at 60 µmol.m-2.s-1, 60R and 60BFR showed similar plant heights that were significantly 
higher compared to the other treatments (Fig. 1E).  
Internode length was higher in the BFR than in the R light condition, which was significant at the 30, 
and 90 µmol.m-2.s-1  fluence rates (Fig. 1F). In the 60 µmol.m-2.s-1  fluence rate, the 60R, 60BFR and 
60B treatments showed similar internode lengths that were significantly higher than the other 
treatments at this intensity. While plant height did not differ much between the R and BFR 
treatments for the three intensities that were tested, internode length showed a trend with greater 
internode length in the treatment with BFR compared to the R treatments. The lack of correlation 
between plant height and internode length is explained by the difference in the number of nodes, 
that is consistently higher in the R treatments than in the BFR treatments (30.4±0.98 vs. 25.2±0.82; 
32.2±0.69 vs 28±0.69 and 36.4 ± 1.10 vs. 29.4 ± 0.63 for 30, 60 and 90 µmol.m-2.s-1 respectively).  
For the recurring treatments of R and BFR in the different fluence rates of 30, 60 and 90 µmol.m-2.s-1, 
a two-way ANOVA was performed to test for interaction between the intensity and the light quality 
(S3). Concerning the percentage of bud outgrowth in intact plants there was no significant effect of 
intensity, light quality and no significant interaction effect. In decapitated plants there was a 
significant effect of the light quality treatments but not of light intensity. The interaction between 
intensity and light quality was significant, with a higher percentage of bud outgrowth for the R 
treatment compared to the BFR treatment at 30 and 60 µmol.m-2.s-1 but not at 90 µmol.m-2.s-1.  
Bud length in intact plants showed a significant effect for the light quality treatments but not for light 
intensity or the interaction between intensity and light quality. In decapitated plants there was a 
significant effect on bud length for light intensity and light quality but not for the interaction 
between quality and intensity since the trend for 30, 60 and 90 µmol.m-2.s-1 was a higher bud length 
for the R treatment compared to the BFR treatment.  
Plant height of the intact cuttings showed a significant effect for light intensity but not for light 
quality or the interaction between intensity and light quality. Internode length of the intact plants 
only showed a significant effect for the light quality treatments and not for light intensity or the 
interaction between intensity and light quality since the trend for 30, 60 and 90 µmol.m -2.s-1 was a 
higher internode length for the treatment with BFR compared to the R treatment.       
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In the second experiment 3 genotypes of chrysanthemum were tested including the cut flower 
genotype C17, a pot chrysanthemum genotype C9 and a cut flower disbud type C13. Based on the 
results of the first experiment, fluence rate was set at 60 µmol.m-2.s-1 PAR and the number of light 
treatments were reduced to include the two extreme ϕ-values (60R and 60B60FR). In a first part of 
the experiment, a treatment with 44R16FR16B was included to represent the light conditions (R:FR 
ratio and ϕ-value) of natural light. In the intact cuttings there was no remarkable bud outgrowth. In 
the decapitated plants the percentage of bud outgrowth was highest in the C9 genotype under R 
light. In all genotypes, the BFR condition resulted in the lowest percentage of bud outgrowth, while 
the R light condition gave the highest bud outgrowth percentage. This difference was significant in all 
genotypes but was more pronounced in C9 and C13 than in C17, where the bud outgrowth 
percentage in R was only slightly higher than in RBFR and BFR (Fig. 2A). Bud length in intact plants 
was generally small in the 3 genotypes and consistently lower than 0.5 cm in all light conditions.  
Fig. 2. Shoot architecture measurements in C9 (pot chrysanthemum), C13 (disbud) and C17 (cut flower) chrysanthemum 
genotypes under R, BRFR and BFR light treatments (n=15 ±SE). A) Percentage of bud outgrowth of decapitated plants. B) 
Bud length of decapitated plants. C) Plant height of intact plants. D) Internode length of intact plants. Letters indicate 
significant differences per genotype at a p-value <0.05 with ANOVA and Tukey HSD post-hoc.  
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In the decapitated plants, axillary bud length in the C9 genotype was significantly higher under R light 
than RBFR and BFR (Fig. 2B). For C17, bud length in R and RBFR was significantly higher than in BFR 
conditions. In the C13 genotype bud length in BFR was significantly higher than in BRFR and BFR 
conditions. In C9, plant height differed significantly between all light conditions and was higher in 
BFR than in R and BRFR. In C13 and C17, plant height in R was higher than in BFR, which was only 
significant in C17 (Fig. 2C). Internode length was significantly higher in the BFR than in R and BRFR for 
the C9 but did not show significant differences for the C13 and C17 genotypes (Fig. 2D).  
In the second part of the experiment, only decapitated plants were used, based on the strong apical 
dominance observed in all genotypes. Light treatments included the same two extreme ϕ-values, a 
control with fluorescent light and a treatment with 95% red light and 5 % blue light (57R3B) to 
represent the light conditions of a SON-T treatment. Furthermore, in one part of the cuttings, this 
treatment was given for 6 weeks (6w), whereas a second part of the cuttings was transferred to 
greenhouse conditions after 3 weeks of treatment in the growth chamber (3w). The percentage of 
bud outgrowth was generally lower in the BFR treatments in all genotypes and both in cuttings that 
were in the growth chamber for 6 weeks and those that were transferred to greenhouse conditions 
after 3 weeks. The BFR effect on bud outgrowth was significant in the C17 and C13 genotypes with 
both w6 and w3 and in the C9 genotype with w3. This effect was most pronounced in C17 (Fig. 3A). 
There was little difference in bud outgrowth between the 60FL, 60R and 57R3B conditions for all 
genotypes except for C17. The cuttings of C17 that spent 6 weeks in the growth chamber  had a 
higher percentage of bud outgrowth in the 57R3B condition compared to the 60FL treatment.  
Fig. 3. Shoot architecture measurements of decapitated C9, 13 and C17 chrysanthemum different light treatments (60FL, 
60R, 57R3B and 60B60FR). At the X-axis the genotype and the lighting period in the growth chamber is indicated (6 weeks 
(w6) and 3 weeks (w3). A) Percentage of bud outgrowth (n=10 ±SE). B) Bud length (n=10 ±SE). Letters indicate significant 
differences per genotype per week at a p-value <0.05 with ANOVA and Tukey HSD post-hoc.  
Bud length was significantly lower in BFR conditions than in the R treatment for the C13 genotype 
with 6w and 3w, and for C17 with 6w. The bud length of the R treatment was higher than the FL and 
57R3B conditions for 6w and 3w (Fig. 3B). Genotype C9 showed similar bud lengths for all light 
conditions in the cuttings that were transferred to greenhouse conditions after 3 weeks. The cuttings 
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that spent 6 weeks in the growth chamber showed a significantly lower bud length under fluorescent 
light compared to the other treatments.  
At the end of the experiment, the plant phenotypes (Fig. 4) visually showed minimal differences 
between the cuttings that had spent 6 weeks in the growth chamber versus the cuttings that were in 
the growth chamber for 3 weeks and under greenhouse conditions for 3 weeks. From the images it is 
noticeable that the C17 and C9 genotype have one axillary shoot at the top that is highly elongated in 
the 60B60FR treatment for both 6w and 3w. This elongation is not seen in the C13 genotype. In the 
first experiment, bud length for C13 was higher under BFR treatment compared to R, while in the 
second experiment C13 bud length was higher under R treatment compared to BFR. This resulted 
from a phenotype of C13 in the first experiment with an elongated top axillary shoot under BFR 
treatment (average shoot length from base to apex of: 0,75; 1,68; 1,98; 2,72 and 3,3 cm respectively), 
similar to the phenotypes of C17 and C9 (Fig. 6). In the second experiment genotype C13 showed an 
opposite phenotype under BFR treatment with longer axillary shoots at the base of the cuttings and 
shorter at the apex ( average shoot length from base to apex of 2,94; 2,9; 1,55; 0,77; 0,73; 0,8 cm and 
4,58; 2,76; 1,06; 0,4 for 6w and 3w respectively). 
Discussion 
Treatment of rooted cuttings with different light spectra resulted in observable differences in shoot 
architecture and bud outgrowth in the different chrysanthemum genotypes under study.  Results 
from the first experiment with the cut flower chrysanthemum C17 revealed a strong apical 
dominance in this genotype, evidenced by the low percentage of bud outgrowth and low bud length 
throughout all of the light treatments in the intact plants. In spite of this strong apical dominance 
there was still an observable trend with cuttings under red light showing larger bud length and a 
higher percentage of bud outgrowth than cuttings under BFR for all light intensities that were tested. 
Remarkably, plant height in the intact plants did not differ much between the two treatments with 
extreme ϕ-values. This result would seem opposed to an increased shoot elongation that is expected 
with a low R:FR ratio and low ϕ-value in the shade avoidance response (Smith and Whitelam 1997). 
However, internode length was higher for the BFR treatment compared to the R treatment for all the 
intensities that were tested. This results still shows that the treatment with far-red light causes an 
increased shoot elongation. The decapitated plants that were released from apical dominance did 
show axillary bud outgrowth. Noticeable differences between light treatments were the high 
percentage of bud outgrowth and bud length in the R treatment compared to the BFR and B 
treatments. Remarkably, the control treatment with fluorescent light showed a low bud outgrowth 
percentage and bud length as well, similar to the aforementioned treatments. The C17 genotype was 
also included in the further experiments. This showed that the percentage of bud outgrowth and bud 
length were also higher in the R treatment compared to the BFR treatment for decapitated cuttings 
but the difference was stronger in experiment 1. Plants in the second experiment were also shorter 
and different greenhouse conditions for the cuttings in both experiments could underlie this 
contrast.  The visual evaluation of the plant phenotypes also revealed that under the BFR treatment, 
there was one axillary bud at the top of the decapitated cutting that grew out strongly and reached a 
high length, while underlying axillary shoots or buds were short or inhibited from growing out. This 
was also observed with genotype C9 under BFR treatment.  
Chapter 2 
48 
Fig. 4.  Plant phenotypes of chrysanthemum cuttings of genotype C17, C13 and C9 after 6 weeks (6w) of growth under 
different light treatments (Control: 60FL; 100%R: 60R; 95%R5%B: 57R3B; 100%B+FR: 60B60FR) in the growth chamber or 
after 3 weeks in the growth chamber and 3 weeks in the greenhouse (3w). 
A likely explanation for this observation is that the release of apical dominance induces bud 
outgrowth in the axillary buds closest to the decapitated stem surface. The low R:FR condition would 
then increase elongation of this outgrowing bud and correlative inhibition (Snow 1940) between 
buds would inhibit underlying buds from growing out. A low R:FR ratio is also known to increase 
auxin levels and the expression of auxin responsive genes (Halliday et al. 2009), which would 
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strengthen the inhibition of bud outgrowth by auxin. However, This is not evident when looking at 
the bud lengths of decapitated cuttings in the first experiment, where 60R showed greater subapical 
bud length than the BFR treatment at 60 µmol.m-2.s-1. Strangely, plant height in the intact plants of 
the first part of the second experiment was higher for R than for FR, while internode length did not 
differ between the treatment. This result for C17 does not match the higher internode length under 
far-red treatment that was seen in the first experiment with C17. This type of chrysanthemum is 
grown for the production of cut flowers that contain several flowers on axillary shoots near the apex. 
In the production cycle, the initiation of flowering is induced by short day conditions or occurs 
spontaneously under long day conditions after the formation of a certain amount of vegetative leafs 
(LDL), resulting in the shoot apex transforming into an inflorescence meristem, followed by release 
from apical dominance and outgrowth of subapical axillary buds. Under subsequent short day 
conditions floral initiation also occurs in the axillary shoots, producing a spray type flower (Chapter 
1). Considering this production cycle and the strong apical dominance during vegetative growth, a 
control of bud outgrowth by application of different light conditions is not immediately useful. 
However, during the early growth stage a compact growth is still desired, which was achieved under 
blue and far-red treatment in the second experiment. Nevertheless, since the plants that were tested 
showed a variation in plant between the experiments it would be necessary to perform additional 
experiments to achieve a consistent result. 
The pot type chrysanthemum C9 showed a higher percentage of bud outgrowth in the R treatment 
compared to the BFR treatment. Plant height and internode length of intact plants for genotype C9 
were higher in the BFR treatment than in the R treatment. C9 is a pot chrysanthemum genotype that 
requires a compact growth and highly branched phenotype. Since results showed the most positive 
effects on the percentage of bud outgrowth and on bud length under the 60R treatment, this 
treatment would be advisable for applications during the early growth stage.  
Disbud genotype C13 also displayed a higher percentage of bud outgrowth in the R treatment 
compared to the BFR treatment. Internode length for C13 was higher in the BFR treatment but plant 
height was higher in the R treatment. C13 is a disbud type chrysanthemum and with this genotype, 
axillary branching is unwanted because one single apical flower is desired and axillary shoots are 
removed for this purpose. Treatments with FR showed a reduced percentage of bud outgrowth in 
this genotype, however an assessment of flowering development and quality would be needed to 
determine the usefulness of FR application in the production. For instance, a high level of red light is 
known to have an inhibitory effect on flower bud initiation in chrysanthemum (Jeong et al. 2014). It 
must be noted that although three genotypes were chosen that each represent a different type of 
chrysanthemum, this low number of genotypes limits the prediction we can make for these types in 
general. Considering also the variation between the genotypes, in future research it would be 
necessary to include a larger representation of genotypes. 
In general, for the intact rooted cuttings of the chrysanthemum genotypes that were studied, there 
was a low percentage of bud outgrowth. This indicates a strong apical dominance in these plants, 
where growth of the shoot apex inhibits axillary bud outgrowth (Cline 1991). A consistent trend was 
also seen in  most experiment, where R conditions resulted in higher percentage of bud outgrowth 
and bud lengths than BFR conditions (except for C13 in the second part of the last experiment). 
These results are consistent with a reduced branching under low R:FR light conditions as a part of the 
shade avoidance syndrome and are in line with similar observations in a variety of other plant species 
Chapter 2 
50 
(summarised in Demotes-Mainard et al. 2016).  Low R:FR ratios in chrysanthemum have been 
reported to induce an increased stem length (Khattak and Pearson 2006). This was similarly observed 
in the C9 genotype but was not seen for C17 and C13. A possible explanation for this difference could 
be that the low R:FR ratio and low ϕ-value in our study was obtained by combining blue with far-red 
light and blue light is known to decrease plant height (Huché-Thélier et al. 2016). This has been 
shown in in vitro chrysanthemum plants that had a decreased plant height under 1:1 blue and far-red 
conditions compared with fluorescent light, whereas a 1:1 red and far-red treatment increased plant 
height (Kim et al. 2004). In this study the focus was to obtain extreme ϕ-values by combining blue 
and far-red light to study bud outgrowth and plant height as a part of the shade avoidance response 
mediated through phytochrome B. In further experiments it would be interesting to separately look 
at R + FR treatments and blue light treatments mediated through cryptochromes. Although no 
impact on shoot branching in cryptochrome loss of function mutants of several species has been 
reported, overexpression of CRY1 and CRY2 induced branched phenotypes in tomato but not in 
Arabidopsis (Leduc et al. 2014). Also testing this for chrysanthemum would offer new insights in the 
effect of blue light in the regulation of bud outgrowth.  
During the early production of both pot, cut flower and disbud type chrysanthemums, a compact 
plant architecture is preferred by growers.  During this stage the rooting  process of cuttings is also 
important. In a study on the rooting of chrysanthemum cuttings, it was shown that the best results 
for rooting were with 100% red light treatment or 100% blue light treatment (Christiaens et al. 2015). 
Since the effects on shoot branching and plant habit under R light were better than the blue light 
treatments for pot chrysanthemum C9, a treatment with 100% red light would be optimal for both 
shoot architecture and rooting of chrysanthemum cuttings during the early production stage. 
However, in a follow-up study on the rooting of chrysanthemum (Christiaens 2015), cuttings showed 
optimal rooting under conditions with a combination of R,B and an increased amount of FR light. 
Since our results showed negative effects of FR light on bud outgrowth, a separate initial treatment 
with FR light could be given to induce rooting, after which R light treatments can be used to stimulate 
branching. For disbud type C13 and cut flower genotype C17, treatments with blue and far-red light 
showed a shorter plant height and also decreases bud outgrowth compared to the red light 
treatments. Since axillary bud outgrowth is not wanted for the production of these genotypes, a 
treatment with blue and far-red light would be optimal for a compact, unbranched shape.  
The last experiment, where half of the cuttings were transferred to greenhouse conditions after 3 
weeks in the growth chamber, revealed little differences between the phenotypes of plants that had 
spent 6 weeks in the growth chamber and plants that had been transferred. This indicates that a 
short initial period of treatment with different light conditions results in a growth habit that persist 
throughout later stages under greenhouse conditions. This was most evident with the cuttings under 
BFR light, where the top axillary shoot still dominated underlying shoots after 3 weeks of greenhouse 
conditions. This short initial treatment could also be combined with the rooting of cuttings. 
Conclusions 
LED light treatment of chrysanthemum cuttings with different light qualities showed effects on shoot 
architecture with a general trend of increased bud outgrowth and increased average bud length 
under red light treatment with an extreme ϕ-value of 0.89 compared to decreased bud outgrowth 
and bud length under blue + far-red light treatment with an extreme ϕ-value of 0.2. There was a 
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strong effect of apical dominance in all but one of the genotypes, causing little effect of light 
treatments on shoot branching in intact cuttings. However, some effects were genotype dependent, 
showing increased plant height under BFR treatments compared to R treatment for C9 but not for 
C13 or C17. The use of different light qualities with LED light offers promising results to control plant 
architecture in chrysanthemum. Furthermore, energy efficiency and the possibility of multi-layered 
growth systems, strengthens the use of LED light as an interesting alternative to traditional lighting.  
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Supplemental data 
S1. Light spectra for the individual light sources that were used in the experiments. The fluence 
rate in µmol.m-2.s-1 across the light spectrum was measured for the R, B, and FR LED light sources (set 
at 90 µmol.m-2.s-1 for R and B and 79 µmol.m-2.s-1 for FR) and for the FL light source (90 µmol.m-2.s-1). 
using a JAZ spectrophotometer (Ocean Optics). The central wavelengths for R, B and FR are 660, 440 
and 735 respectively and the halfband widths are 25 for R and B and 35 for FR. 
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S2. Boxplots for the bud length of decapitated cuttings from experiment 1. The left graph shows, 
for each light treatment, the distribution of the bud length measurements for the first five nodal 
positions under the apex. The right graph gives the boxplots for the rest of the nodal positions.  
S3. 2-way ANOVA p-values for light intensity (30, 60 or 90 µmol.m-2s-2 fluency rate), light quality 
(R or BFR treatment) and the interaction of intensity and light quality.  
2-way ANOVA p-values Intensity Light quality Interaction 
Percentage of bud outgrowth Intact 0.154 0.468 0.075 
Decapitated 0.884 0.000 0.002 
Bud length Intact 0.207 0.014 0.342 
Decapitated 0.037 0.000 0.362 
Plant height Intact 0.000 0.130 0.695 
Decapitated 0.075 0.000 0.399 
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Chapter 3: Plant hormone and branching gene expression in 
chrysanthemum during apical dominance and release from 
apical dominance 
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Introduction 
Chrysanthemum morifolium (Ramat), called the florist’s chrysanthemum, is an economically 
important horticultural crop. Chrysanthemums show a great variation in sizes and shapes: garden 
and potted plants are highly branching, while cut flowers frequently show limited branching and 
sometimes even removal of axillary buds is required to obtain single flowered stems. Modification of 
plant architecture through shoot branching is a relevant factor in breeding and production of 
chrysanthemum. Shoot branching or axillary bud outgrowth in herbaceous shoots is regulated by a 
complex interaction of external factors (light, temperature, nutrients and pruning) and plant 
hormone signaling (Shimizu-sato and Mori 2001; Beveridge 2006; Domagalska and Leyser 2011). The 
most prominent hormones associated with the regulation of bud outgrowth are auxins, 
strigolactones and cytokinins (Domagalska and Leyser 2011). Auxins are widely regarded to be 
responsible for apical dominance, the phenomenon where the growth of the vegetative shoot apex 
exerts a control over the outgrowth of axillary buds (Cline 1991). Removal of the shoot apex and 
floral transition, releases the apical control over lateral bud outgrowth (McSteen and Leyser 2005). 
Auxin regulation of apical dominance can be explained by the young expanding leaves and the shoot 
apex that produce auxin, which is transported through the stem towards the roots in a polar auxin 
transport stream facilitated largely by the auxin transport protein PIN1 (Reinhardt et al. 2003; 
Vernoux et al. 2010) in the basal membranes of xylem parenchyma cells. On its way to the roots the 
auxin exerts an inhibition of the axillary bud outgrowth.  
Since the basipetal transport does not deliver auxin into the axillary buds directly, an indirect action 
of auxin is suggested (Leyser 2009). In literature the indirect inhibition by auxin is explained by two 
non-mutually exclusive models: the second messenger model (Brewer et al. 2009) and the 
canalization model (Bennett and Leyser 2006). The canalization model explains the inhibition of 
axillary bud outgrowth by the polar auxin stream in the stem that acts as an auxin sink. The shoot 
apex and the axillary buds are auxin sources that compete with each other for the ability to export 
auxin to the sink. Evidence for this model comes from the observations in Arabidopsis that 
strigolactones inhibit axillary bud outgrowth by reducing PIN1 mobilization, as such restricting polar 
auxin transport (Crawford et al. 2010; Shinohara et al. 2013).The second messenger model states 
that a signal downstream of auxin is responsible for the inhibition of bud outgrowth. Both cytokinins 
and strigolactones control shoot branching downstream of auxins, and thus may be considered as 
secondary messengers. Cytokinins have a positive effect on the outgrowth of axillary buds. This is 
supported by observations in pea of stimulation of bud outgrowth upon exogenous application of 
cytokinins (Sachs and Thimann 1967) and increasing cytokinin biosynthesis in stems and axillary buds 
at the time of outgrowth of axillary buds (Tanaka et al. 2006). As a response to auxin signaling, the 
biosynthesis of cytokinins is inhibited in Arabidopsis and pea (Nordström et al. 2004; Shimizu-Sato et 
al. 2009), while its degradation is promoted in pea (Shimizu-Sato et al. 2009). Like auxins, 
strigolactones inhibit axillary bud outgrowth, which was shown in Arabidopsis, rice and pea (Gomez-
Roldan et al. 2008; Ito et al. 2013) and the biosynthesis of strigolactones is upregulated by auxin in 
Arabidopsis and pea (Foo et al. 2005; Hayward et al. 2009).  
In this way the physiological regulation of shoot branching involves the activity of many genes 
involved in the local axillary meristem maintenance and in the pathways of auxin, cytokinin and 
strigolactones (Fig 1). The formation of axillary meristems in Arabidopsis, involves the lateral 
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suppressor gene LAS (Greb et al. 2003), REVOLUTA (REV) and PHABULOSA (PHAB) (Wang and Li 
2008). SHOOT MERISTEMLESS (STM) is another gene involved in the formation of axillary meristems 
(Grbić and Bleecker 2000) and can be used as an early marker for axillary meristem initiation (Long 
and Barton 2000). In Euphorbia esula, dormant adventitious buds were shown to have upregulated 
STM expression after defoliation treatment to induce bud growth (K. Varanasi, and S. Chao 2012).  
Fig 1. Key shoot branching regulatory pathways and involvement of the branching genes used in this study of axillary bud 
outgrowth. The left panel shows the shoot branching model from what is known in other species, while the right panel 
shows the branching genes that have been described in chrysanthemum with the genes that were isolated in this study 
underlined. ① indicates the bud outgrowth regulation that follows the auxin canalisation model where auxin export is 
required for an axillary bud to grow out. ② indicates the regulation of bud outgrowth according to the second messenger 
model where auxin indirectly regulates bud outgrowth through strigolactone and cytokinin signalling.  
A central regulator of axillary bud outgrowth is the transcription factor BRC1 (BRANCHED1)  that is 
expressed locally in the axillary bud and inhibits outgrowth (Aguilar-Martínez et al. 2007). Many of 
the regulatory pathways affect shoot branching by acting on the expression of BRC1. In Arabidopsis 
and pea, strigolactones promote BRC1 expression while cytokinins inhibit BRC1 expression (Braun et 
al. 2012; Dun et al. 2012). BRC1 is also involved in the floral transition as it is under control of the 
florigen pathway with a proposed interaction between FT (FLOWERING LOCUS T) and BRC1 whereby 
BRC1 is inactivated, promoting branching at floral transition (Rameau et al. 2015). A dormancy 
marker similar to BRC1 is DRM1 (DORMANCY ASSOCIATED PROTEIN 1). DRM1 expression was shown 
to decrease in pea (Stafstrom et al. 1998) and Arabidopsis  (Tatematsu et al. 2005) after the release 
of dormancy by decapitation. In wheat and sorghum, high expression of DRM1 and BRC1 have been 
reported in dormant axillary buds (Kebrom et al. 2006; Kebrom et al. 2012).  
Auxin (IAA) biosynthesis in Arabidopsis involves the activity of the TAA (TRYPTOPHAN 
AMINOTRANSFERASE) and YUCCA genes (Zhao 2014). For auxin transport TIR3 (TRANSPORT 
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INHIBITOR RESPONSE 3) encodes a protein that is required in the mobilization of PIN1 proteins in the 
cell membrane (Gil et al. 2001). Tir3 mutant plants showed reduced auxin transport and increased 
shoot branching in Arabidopsis (Prusinkiewicz et al. 2009). Auxin signaling involves TIR1 (TRANSPORT 
INHIBITOR RESPONSE 1), AXR1 (AUXIN RESISTANT 1) and AXR6 (AUXIN RESISTANT 6) that are 
required to form an F-box complex for ubiquitination of Aux/IAA repressors (Pozo et al. 1998; 
Hellmann et al. 2003) leading to activation of auxin response genes (Mockaitis and Estelle 2008). 
AXR1 was shown to be responsible for the auxin induced inhibition of axillary bud growth in 
Arabidopsis (Stirnberg et al. 1999) and is required for the upregulation of strigolactone biosynthesis 
and downregulation of cytokinin biosynthesis (Hayward et al. 2009). Aux/IAA proteins are degraded 
by the TIR1 F-box complex as a response to auxin (Gray et al. 2001; Dharmasiri et al. 2005; Rinaldi et 
al. 2012). The expression of these Aux/IAA genes is upregulated by auxin and is useful as a marker for 
auxin signaling (Abel and Theologis 1996; Paponov et al. 2008). 
Strigolactone regulation of shoot branching involves the MORE AXILLARY GROWTH (MAX) genes in 
Arabidopsis and it’s homologues RAMOSUS (RMS), DECREASED APICAL DOMINANCE (DAD) and 
DWARF (D) in pea, petunia and rice respectively. MAX3 and MAX4  convert carotenoid precursors 
and MAX1 that is involved in the final step of strigolactone biosynthesis (Booker et al. 2005; Leyser 
2009; Zhang et al. 2014). Strigolactone signaling involves an F-Box complex with MAX2 and DWARF14 
(D14), allowing the degradation of SMAX1-like proteins to enable strigolactone response (Nelson et 
al. 2011; Soundappan et al. 2015). 
For cytokinin biosynthesis IPT (ISOPENTENYLTRANSFERASE) is the rate limiting step in the pathway 
(Sakakibara 2006). In Arabidopsis, the cytokinin receptors are ARABIDOPSIS HISTIDINE KINASE (AHK) 
proteins that include AHK4, AHK3 and AHK2. These cytokinin receptors relay a phosphor signal to 
ARABIDOPSIS RESPONSE REGULATOR proteins (ARR) that act as transcription factors for downstream 
cytokinin responses (Hwang et al. 2012). Type A ARR genes have been shown to be required for 
axillary bud activation by cytokinin (Müller et al. 2015). 
In chrysanthemum only few genes involved in shoot branching have been isolated (Fig 1). CmBRC1’s 
activity has been described in chrysanthemum with high expression in inhibited axillary buds and 
downregulation when buds were activated (Chen et al. 2013). A LATERAL SUPPRESSOR LIKE (LsL) 
gene was isolated in chrysanthemum (Yang et al. 2005) and plants transformed with the antisense 
LsL gene showed reduced branching and increased IAA content in the shoot tip while transformation 
with a sense LsL construct showed increased branching and reduced IAA content in the shoot tip 
(Jiang et al. 2009). The strigolactone biosynthesis gene CmMAX3 showed upregulated expression in 
plants with inhibited axillary buds by phosphorous (Pi) starvation (Xi et al. 2015). CmMAX4 was 
studied in the strigolactone regulation of shoot branching and its expression was reported to be 
upregulated by exogenous auxin treatment (Liang et al. 2010). CmMAX2 was found to be expressed 
in axillary buds and stems and is necessary for the response to strigolactone, including inhibition of 
shoot branching (Dong et al. 2013). Overexpression of the CmIPT3 gene in chrysanthemum resulted 
in enhanced branching (Khodakovskaya et al. 2009). 
Aside from looking at hormone levels directly, the expression of these genes is interesting as a 
potential indicator of axillary bud activity. Because of the limited number of genes available in 
chrysanthemum, several key genes involved in the shoot branching pathways were isolated in this 
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study and their gene expression levels were determined during branching. Two distinctive 
chrysanthemum genotypes with different branching patterns were analyzed. In the first genotype, 
C17, the transition from vegetative to generative growth released apical dominance, while the 
second one, C18, remained vegetative. Axillary bud outgrowth measurements were related to levels 
of auxin and cytokinin in apex, stem and axillary bud samples in order to investigate the hormonal 
regulation during axillary bud outgrowth. The expression of candidate branching genes was analyzed 
in the same samples to show the underlying transcriptional control during bud growth.   
Materials and Methods 
Plant material and growth conditions 
Chrysanthemum morifolium (Ramat) cut flower genotypes C17 and C18, provided by Dekker 
Chrysanten BV., The Netherlands) were used in this study. Both genotypes are commercial cultivars 
that have an unrelated genetical background in their breeding history. C17 is a split type 
chrysanthemum, forming an inflorescence meristem at the shoot apex once a number of vegetative 
leaves are produced. This results in a release from apical dominance with outgrowth of subapical 
axillary buds. C18 is a non-split type with vegetative growth during long day (LD) conditions and 
generative growth under short day (SD) conditions. A diagram of the growth habit of both genotypes 
under LD is shown in Fig 2. Of each genotype 100 rooted cuttings were potted into 3L pots in 
standard peat substrate. Plants were grown at 20 cm spacing in a standard greenhouse under natural 
LD conditions and average day/night temperature of 20 ± 2°C.  
Plant morphological measurements 
The start of measurements and sampling was in the first week of July 2014 after cuttings had been 
rooted for 2 weeks, potted and acclimatized in the greenhouse as shown in the diagram below. 
The total plant height and length of axillary buds/shoots was measured for 10 plants of each 
genotype that were placed randomly in the greenhouse during 5 consecutive weeks, referred to as: 
V1, T2, G3, G4, G5 (C17) or V1, V2, V3, V4, V5 (C18) with vegetative growth indicated by V, generative 
growth by G and the transition to generative growth indicated by T. The timing of floral transition 
under long day conditions in C17 was known from previous bud outgrowth experiments (data not 
shown) and occurred in week 2 (T2). 
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Sampling plant material 
In total, 90 plants were sampled per genotype at the first two time points (V1 and T2 for C17, V1 and 
V2 for C18). Three replicates were sampled per time point, each replicate consisting of 15 plants that 
were chosen randomly. For C17 at V1, the shoot apex (the top part of the shoot above the first fully 
unfolded leaf) and the 30 nodal positions under the apex were sampled. At T2, the apex and 15 nodal 
positions under the apex were sampled, as the lateral buds below this zone had already grown out. 
For C18 at V1, the shoot apex and 22 underlying nodal positions were harvested, while at V2, the 
apex and 27 subapical nodal positions were taken. For each nodal position, the axillary buds and 
stems were sampled separately. Samples were frozen in liquid nitrogen and stored at -80°C. Before 
analysis, the samples were pooled based on the pattern of axillary bud outgrowth until week 5. They 
were subdivided to represent vertical positions along the stem that are at different distances and 
influences from apical dominance. From top to bottom these were named Apex, Zone A, Zone B and 
Zone C (Fig 2 and Table 1). Pooled samples were ground in liquid nitrogen and separate samples were 
weighed for gene expression analysis (100mg/sample) and UPLC-MS/MS (50mg/sample). 
Hormone measurement 
Following a solid phase extraction, samples were analysed with UPLC-MS/MS (Acquity TQD) for 
quantification of free IAA and total cytokinins  (the total of individual measurements of DHZR, trans-
ZR, cis-ZR, DHZ, trans-Z, cis-Z, DH-ZNG, ZNG, IP-G, iPA, iP, MS-iP, MS-iPA, BAP, oT, pT, mT, MeOT, 
MemT, BAR, oTR, mTR pTR, BA3G, BA7G, BA9G, MeoTR, MemTR, oT9G, mT9G, pT9G, MemT9G) as 
described by Prinsen et al. (Prinsen et al. 1995; Prinsen et al. 2000).  
Gene isolation 
For CmMAX1 degenerate primers were developed based on MAX1 amino acid sequences from 
Arabidopsis, tomato, poplar, soy, Medicago, vine and Ricinus (S1 Table). Furthermore, a BLAST search 
was done to the chrysanthemum transcriptome database of Xu et al. (Xu et al. 2013) using 
Arabidopsis genes known to be involved in branching (corresponding accession numbers are 
indicated in Table S.2). This resulted in orthologous sequences for CmMAX3, CmDRM1, CmSTM, 
CmRR1, CmHK3a, CmHK3b, CmAXR1, CmAXR2, CmIAA16, CmAXR6, CmIAA12, CmPIN1, CmTIR1 and 
CmTIR3.  Reference genes were identified by BLAST against the NCBI database. These included 
CmACT2, CmATUB, CmUBQ10, CmUBC, CmEF1α, CmCACS, CmEXP5, CmEXP6, CmPGK, CmPSAA and 
CmHH3. Sequences of CmBTUB_AB608732 and CmMTP_AB542716.1. were available for 
chrysanthemum. Primers (S2 Table) were developed using Primer3 PLUS. Genes were cloned using a 
pGEM-T kit (Promega) and sequenced according to the protocol of the Big Dye Terminator Cycle 
Sequencing kit version 1.1 on an ABI Prism 3130 xl Genetic analyser (Applied Biosystems). BlastX 
(Altschul et al. 1997) was used to validate isolated fragment identity.  
Gene expression analysis 
RNA was extracted with a modified CTAB protocol (Luypaert et al., 2015). RNA concentration and 
quality was verified with the NanoDrop spectrophotometer (S3 Table). (Isogen Life Sciences) and 
Experion™ automated electrophoresis (S1 Fig). using the StdSense analysis kit (Bio-Rad) was 
performed on a subset of samples as described in De Keyser et al. (De Keyser et al. 2013) . RNA was 
treated with DNase I according to the manufacturer’s protocol (DNA-free™, Ambion). DNase treated 
RNA (800ng) was converted to cDNA with the iScript cDNA Synthesis kit (Bio-Rad). The no reverse-
transcriptase controls (noRTs) were made using a mixture of DNase treated RNA and nuclease free 
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water (1:1). cDNA and noRT samples were diluted (1:5) prior to use.  Expression of branching genes 
was quantified using the  LightCycler® 480 (Roche). In white plates (Bio-Rad) a final volume of 10 µl, 
containing 2 µl cDNA, 300nM of both primers, and 5 µl of SensiFAST™ SYBR® No-ROX (Bioline) was 
added. PCR amplification and melting curve analysis was done as described in De Keyser et al. (De 
Keyser et al. 2013). Primer sequences are listed in (S4 Table); besides the isolated genes also genes 
already known to be involved in axillary bud outgrowth in chrysanthemum were used: CmBRC1 (Chen 
et al. 2013), CmLSL (Yang et al. 2005), CmIPT3 (Acc. Nr. JQ711176.1)  and CmMAX2 (Dong et al. 2013). 
NTCs (no template controls) and noRTs were included for all genes; technical replicates were 
omitted. All stem or apex/bud samples, respectively, were analysed on the same plate for every gene 
(sample maximisation method). Due to limitations in the amount of cDNA available, the RT-qPCR 
analysis was done on two separate batches of cDNA (same RNA but two individual cDNA synthesis 
steps). With the first batch, GeNorm (Vandesompele et al. 2002)  analysis was done and the 
expression of CmBRC1, CmIPT, CmLsL, CmMAX1 and CmMAX2 was quantified; the second batch was 
used for expression analysis of CmRR1, CmAXR1, CmAXR2, CmAXR6, CmHK3a, CmHK3b, CmDRM1, 
CmIAA12, CmIAA16, CmMAX3, CmPIN1, CmSTM, CmTIR1 and CmTIR3; reference genes were 
analysed again on these cDNA samples as well. For all gene expression data analysis, qbase+ software 
(Biogazelle) (Hellemans et al. 2007) was used. In case the difference between the Cq of noRT and 
samples was smaller as 5, samples were excluded from further analysis. Mean gene-specific 
amplification efficiencies (S5 Table) were determined using LinRegPCR (Ramakers et al. 2003; Ruijter 
et al. 2009). According to Bustin (2004) in the A-Z of Quantitative PCR, shorter amplicons (≤150) are 
desired because of a better efficiency, better denaturation and a shorter elongation time. Of the 
genes that were used in the RT-qPCR, only three had an amplicon length greater than 150bp: 
CmATUB, CmAXR6 and CmIAA16. The efficiencies for these genes: 1,91; 1,88 and 1,9, were 
nonetheless comparable to the other genes with lower amplicon lengths and efficiencies ranging 
from 1,84 to 1,93. Gene expression results are presented as Calibrated Normalized Relative 
Quantities, normalised using three validated reference genes for stem and apex/bud samples (S6 
Table); different normalisation factors were used for batch 1 and 2. All further analysis was done in 
MS Excel.  
Statistical analysis 
Kruskal-Wallis one-way analysis of variance and Spearman correlation tests were performed with 
SPSS statistical software (SPSS 22, IBM Corp. Released 2014. IBM SPSS Statistics for Windows, Version 
22.0. Armonk, NY: IBM Corp.). Also in SPSS, UPGMA hierarchical clustering of the genes was done 
based on a Pearson correlation matrix. Discriminant analysis was performed in order to discriminate 
the global gene expression between tissues and time points. For statistical analysis of gene 
expression the log-transformed CNRQ values were used. 
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Results 
C17 initiates axillary bud outgrowth at floral transition and C18 shows continuous 
vegetative growth and apical dominance 
Two different genotypes were used for branching analysis. Genotype C17 shifted from vegetative 
growth with apical dominance (V1) to generative growth with loss of apical dominance at T2 (floral 
transition) and consecutive outgrowth of axillary buds (G3-G5). Genotype C18 showed vegetative 
growth throughout all time points V1-V5. (Fig 2). 
Fig 2. Branching phenotypes of the cut flower chrysanthemum C17 and C18. C17 grows vegetatively in week 1 (V1) and 
starts floral transition in week 2 (T2) after which it shows generative growth and outgrowth of subapical axillary buds (G3-
G5). C18 shows vegetative growth throughout week 1-5 (V1 to V5). Sampling zones A, B, and C are indicated in shades of 
green. 
The total plant height increased for C17 from 39.9 ± 1.5 cm at V1 to 53.1 ± 1.5 cm at T2 and 60.9 ± 
2.1 cm at G3. Afterwards total length remained stable (61.0 ± 2.2 cm at G4 and 61.5 ± 2.4 cm at G5). 
C17 was characterized by vegetative growth at V1 and floral transition at T2. Thereafter, the shoot 
apex no longer initiated axillary buds and total number of nodal positions stayed at 47 from G3 to G5 
(Fig 3). The vegetative growth was marked by apical dominance and short inhibited axillary bud 
outgrowth near the shoot apex in V1 (positions 37 to 31) and T2 (positions 45 to 38). Once generative 
growth started at G3 to G5, apical dominance was released and a strong outgrowth of the axillary 
shoots under the apex (positions 47 to 42) was observed. At V1 and T2, the axillary buds in the 
middle positions were under less influence by the apex and had larger axillary buds (positions 30 to 
16 for V1 and 37 to 31 for T2) with even bud outgrowth in T2 at positions 30 to 16. The positions 15 
to 1 under the middle showed strongly inhibited bud outgrowth as they were influenced by 
correlative inhibition (actively growing buds inhibiting the outgrowth of underlying axillary buds). 
From G3 to G5, shoot outgrowth decreased from position 41 to 38 and was completely inhibited for 
the lower positions (37 to 1).  
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Fig 3. Axillary bud lengths for chrysanthemum C17 in V1, T2 and G3 to G5. Mean bud/shoot length (±SE; n=10) is 
presented on the x-axis during 5 consecutive weeks, referred to as: V1, T2, G3, G4, G5 with vegetative growth indicated by 
V, generative growth by G and the transition to generative growth indicated by T. Nodal position is presented on the y-axis 
with 1 being the node closest to the shoot base. The dotted lines mark the nodal positions that were sampled in V1 and T2 
according to Table 1.  
Plant heights for C18 during vegetative growth from V1 to V5 were 41.8 ± 3.1 cm, 58.3 ± 3.4 cm, 72.4 
± 3.3 cm, 83.6 ± 4.4 cm and 93.5 ± 8.1 cm during V1 to V5, respectively. The shoot apex did not 
undergo floral transition and continuously initiated new leaves. At V5, the number of nodal positions 
reached a maximum of 53. A strong apical dominance was manifested during the whole vegetative 
growth of C18 (Fig 4). This was revealed by the short axillary buds under the apex and an average 
axillary bud outgrowth of 1.27 ± 0.03 cm at V5.  
Chapter 3 
66 
Fig 4. Axillary bud lengths for chrysanthemum C18 in V1 to V5. Mean bud/shoot length (±SE; n=10) is presented on the x-
axis during 5 consecutive weeks, referred to as: V1, V2, V3, V4, V5 with vegetative growth indicated by V. Nodal position is 
presented on the y-axis with 1 being the node closest to the shoot base. The dotted lines mark the nodal positions that 
were sampled in V1 and V2 according to Table 1.  
The measurements of axillary buds were used to show the inhibition or activation of the nodal 
positions. Based on these measurements the nodal positions along the stem were subdivided in Zone 
A, Zone B and Zone C according to bud outgrowth activity and influences from apical dominance as 
described in Table 1. In C17 the nodal positions 30-1 at T2 (Fig 2) were not included because bud 
outgrowth had already occurred there and only samples of axillary buds were taken. These 
subdivisions (also indicated in Figs 2-4) were subsequently used in the hormone measurements and 
gene expression analysis. 
Table 2. Different zones and the corresponding nodal position from which stem and axillary bud samples were harvested in 
Chrysanthemum C17 and C18. For C17 in V1 nodal positions 37 to 31 (Zone A V1) were pooled together to represent 
inhibited axillary buds under apical dominance (buds < 0.5 cm). Positions 26 to 16 in week 1 (Zone B V1) contain axillary 
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buds that are further away from the shoot apex and show more outgrowth (starting from positions 26 and 2 and bud length 
> 2 cm to position 16) . Positions 13 to 8 (Zone C V1) represent bottom axillary buds inhibited by correlative inhibition of 
middle axillary buds (bud length < 2 cm). In T2 nodal positions 45 to 42 (Zone A T2) were pooled because the buds in this 
section showed the strongest outgrowth after T2 and release from apical dominance. Nodal positions 41 to 38 (Zone B T2) 
were pooled because these buds showed a diminishing outgrowth after week 2 when compared to the nodal positions 
above them. Nodal positions 37 to 31 (Zone C T2) were pooled to represent buds that show inhibited outgrowth after week 
2 and are the positions corresponding to Zone A at V1  from . For C18 in V1 nodal positions 24-20 represent subapical 
inhibited buds (bud length < 0.2 cm) (Zone A V1), positions 19-14 represent buds that are less inhibited by apical dominance 
(Zone B V1) and positions 13-8 (Zone C V1) represent buds furthest away from apical influence. In V2 positions 30-25 
represent inhibited subapical buds (bud length < 0.2 cm)  (Zone A V2). Positions 24-20 (Zone B’ V2), 19-14 (Zone B’’ V2) and 
13-8 (Zone C V2)  represent less inhibited buds with zone B’, B’’ and C the same positions as zone A, B and C in V1. 
Sample zone Position and developmental status C17 C18 
V1 T2 V1 V2 
Shoot apex Shoot apical meristem. 
Zone A Nodal positions directly under the shoot apex 
and under apical dominance control. For C17 
these are the positions that show release from 
apical dominance and strongest bud outgrowth 
after floral transition in T2. 
37-31 45-42 24-20 30-25 
Zone B Nodal positions further away from the shoot 
apex and apical dominance. For C17 T2  these 
positions  show weaker bud outgrowth after 
floral transition in T2. For C18 V2 zone B was 
subdivided in 2 pools. Pool B’ are the same 
positons as zone A from V1. Pool B’’ are the 
positions  from zone B V1.  
26-16 41-38 19-14 B’ 24-20 
B’’ 19-14 
Zone C Nodal positions furthest away from the shoot 
apex and apical dominance. For C17 T2 these are 
positions  that show inhibited bud outgrowth 
after floral transition in T2.  
13-8 37-31 13-8 13-8 
Levels of IAA and CK change differently at floral transition in C17 and during 
vegetative growth in C18  
Raw data of CK and IAA measurements are provided in the supplemental information (S7 Table). The 
predominant individual cytokinins that constituted the total cytokinin amount were trans- and cis 
zeatin riboside (ZR), Zeatin-N9-glucoside (ZNG) and isopentenyladenosine (IPA). One of the three 
biological replicates was excluded for IAA (in C17 T2 Bud and Stem Zone A) and for CK (in C17 T2 
Stem Zone B and in C18 V2 Bud Zone A); for these samples only 2 biological replicates were 
averaged.    
Overall, IAA levels were higher in C18 than in C17, especially in apex and stem (Fig 5A, B). For C17 at 
V1, IAA content in the shoot apex was significantly higher than in the axillary buds and significantly 
lower compared to the stem (Table 2). At T2 the IAA content in the apex had decreased and was 
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similar to IAA levels in axillary buds and stem, except for zone B. Between different zones of axillary 
buds, IAA levels were higher in zone A at V1 but not different at T2. Between stem zones, IAA levels 
were similar at V1 but higher in zone C at T2 (S8 Table). At the transition to generative growth in C17, 
from V1 to T2, a decrease in IAA content was observed in the apex and axillary buds of zone A, while 
a slight increase was seen in zone B and C. In the stem a significant decrease in auxin level occurred 
in zone A and B (Fig 5A). IAA content in the shoot apex of C18 was significantly higher than in the 
axillary buds but did not differ from the IAA content in the stem at V1 (Table 2). At V2, the IAA 
content in the shoot apex did not differ significantly from the axillary buds or stem (Table 2). 
Between zones of axillary buds, no differences were seen at V1 or V2. Between stem zones no 
differences were seen at V1 but at V2 zone B’ and B’’ differed significantly from zone C (S8 Table). In 
C18 there was no significant difference in IAA levels between V1 and V2 in the apex and axillary buds. 
In the stem a significant decrease was observed in zone B’’ and zone C but the absolute auxin level 
remained high compared to the stem zone A and B of C17 (Fig 5B).  
Fig 5. Hormone concentrations measured in two Chrysanthemum genotypes C17 and C18 at time point V1 and T2/ V2. 
IAA and cytokinin (CK) content of the shoot apex and the axillary buds or stem in different zones are presented. Data are 
means ± SE (n=3). * indicates significance at the 0.05 level between V1 and T2/V2. Vegetative growth indicated by V, and 
the transition to generative growth indicated by T. 
Chapter 3 
69 
Cytokinin (CK) content was generally higher in C17 when compared to C18, especially in apex and 
axillary buds (Fig 5 C, D). CK content in the shoot apex was significantly higher than in the axillary 
buds (except for zone A) and the stem in C17 at V1 (Table 2). At T2, CK content in the shoot apex 
remained significantly different from the axillary buds (except zone A) and stem (except zone B) 
(Table 2). Between different zones of axillary buds, CK levels differed significantly and were highest in 
zone A and lowest in zone C at V1 and V2. CK content between all stem zones differed at V1 but at T2 
only zone A and zone C were significantly different (S8 Table). At floral transition from V1 to T2 in 
C17, the CK content increased significantly in the axillary buds of zone A and C and in the stem of 
zone A (Fig 5C). For C18 the CK content in the apex showed no significant differences with axillary 
buds and stem at V1 or V2 (except with zone C at V2). Between zones of axillary buds or stem no 
differences were seen at V1 or V2 (S8 Table). In C18, CK levels had a decreased trend from V1 to V2 
throughout the axillary buds and stem with significant changes in bud Zone B’ and stem zone C. A 
part of the difference in CK levels between C17 and C18 can be attributed to higher levels of the 
inactive conjugated cytokinin ZNG in C17 compared to C18 but trans- and cis-zeatin riboside levels 
were also higher in C17 compared to C18 (S7 Table). 
Table 3. Kruskal-Wallis tests comparing the hormone levels between the shoot apex and the different zones of the 
axillary buds and stems. Data are fold changes (Zone X/Apex) and the significant difference between means by Kruskal-
Wallis test is indicated by * (p-value<0.05).  
C17 Bud Stem 
Apex-A Apex-B Apex-C Apex-A Apex-B Apex-C 
V1 IAA -1.9* -9.2* -10.4* 1.6* 1.8* 1.8* 
CK -1.2 -5.3* 28.6* -5.1* -6.8* 2.7* 
T2 IAA -1.3 -2.8* -2.0 -2.01 -3.4* 3.07 
CK 1.3 -2.8* 10.4* -2.2* -6.4* 19.9* 
C18 Bud Stem 
Apex-A Apex-B’ Apex-B’’ Apex-C Apex-A Apex-B’ Apex-B’’ Apex-C 
V1 IAA -5.1* -9.3* -19.4* 1.38 -1.06 -1.16 
CK 1.89 1.29 1.70 -1.51 -2.10 1.76 
V2 IAA -2.17 -2.80 -5.04 -3.64 1.68 1.62 1.36 -1.01 
CK -1.87 -5.43 -7.65 -10.7* -16.83 -6.45 -7.62 -12.1* 
Changes in CK/IAA ratio reflected the altered hormone levels in C17 at floral transition and in C18 
during vegetative growth. In C17 the CK/IAA ratio increased from V1 to T2, most notably in the apex 
and in zone A and B of both buds and stems (Fig 6A). The CK/IAA ratio in C18 decreased from V1 to 
V2 in the axillary buds and in the apex and stem (Fig 6B). 
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Fig 6. CK/IAA ratio for Chrysanthemum genotypes C17 and C18 at two time points V1 and T2/V2. Total cytokinin/IAA of 
the shoot apex and the axillary buds or stem in different zones are presented. Data are mean cytokinin levels (n=3) divided 
by mean auxin levels (n=3) + calculated SE. Vegetative growth indicated by V, and the transition to generative growth 
indicated by T. 
Floral transition in C17 shows a different gene expression profile compared to 
vegetative growth in C18 
Isolation of branching genes 
In total 15 fragments of orthologous candidate branching genes, CmDRM1 (Acc. Nr. KU528658), 
CmSTM (Acc. Nr. KU528663), CmMAX1 (Acc. Nr. KT124645), CmMAX3 (Acc. Nr. KU528660), CmRR1 
(Acc. Nr. KU528651),  CmHK3a (Acc. Nr. KU528656), CmHK3b (Acc. Nr. KU528657), CmTIR3 (Acc. Nr. 
KU528665), CmPIN1 (Acc. Nr. KU528662),  CmAXR1 (Acc. Nr. KU528652), CmTIR1 (Acc. Nr. 
KU528664), CmAXR6 (Acc. Nr. KU528654), CmIAA12 (Acc. Nr. KU528659), CmAXR2 (Acc. Nr. 
KU528653) and  CmIAA16 (Acc. Nr. KU528655), and 11 reference genes  CmUBC (Acc. Nr. KX586319), 
CmUBQ10 (Acc. Nr. KX586320 ), CmEF1α (Acc. Nr. KX586321), CmACT2 (Acc. Nr. KX586322), CmATUB 
(Acc. Nr. KX586323), CmCACS (Acc. Nr. KX586324), CmEXP5 (Acc. Nr. KX586325), CmEXP6 (Acc. Nr. 
KX586326), CmPGK (Acc. Nr. KX586327), CmPSAA (Acc. Nr. KX586328) and CmHH3 (Acc. Nr. 
KX586329), were isolated in chrysanthemum and their sequences were deposited in the NCBI 
nucleotide database. The isolated branching gene sequences were verified by BLASTX against the 
NCBI database; the closest hits all corresponded to the gene of interest (Table 3). Additionally, the 
functional domains were indicated on the isolated sequences, corresponding to the same functional 
domains in the Arabidopsis sequences (S2 Fig). For CmHK3, two different fragments CmHK3a and 
CmHK3b were isolated which shared a 96.99% identity in their nucleic acid sequence (Clustal Omega 
(McWilliam et al. 2013)).  
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Table 4. BlastX search of the isolated  cDNA sequences with E-value, % identity and accession numbers.  
Gene Description E-value %Ident Accession N° 
B
u
d
 d
ev
el
o
p
m
en
t CmDRM1 auxin-repressed 12.5 kDa protein [Jatropha curcas] 1.00E-23 64 NP_001295697.1 
auxin-repressed protein [Nicotiana tabacum] 6.00E-22 65 AAS76635.1 
dormancy-associated protein-like 1 [Arabidopsis thaliana] 5.00E-21 56 NP_564305.1 
CmSTM knotted-1-like protein 1 [Helianthus annuus] 5.00E-37 98 AAM28231.1 
shootmeristemless-like [Petunia x hybrida] 1.00E-35 98 AAM47027.1 
shoot meristemless [Arabidopsis thaliana] 4.00E-34 97 ABR09190.1 
St
ri
go
la
ct
o
n
e 
CmMAX1 MAX1 [Petunia x hybrida] 2.00E-59 85 AEB97383.1 
PREDICTED: cytochrome P450 711A1 [Solanum lycopersicum] 3.00E-58 85 XP_004245085.1 
cytochrome P450 monooxygenase [Arabidopsis thaliana] 1.00E-55 79 ABR08959.1 
CmMAX3  more axillary branching 3 [Artemisia annua] 9.00E-51 95 ADB64459.1 
carotenoid cleavage dioxygenase 7 [Actinidia chinensis] 5.00E-40 79 ADP37985.1 
carotenoid cleavage dioxygenase 7 [Arabidopsis thaliana] 7.00E-35 71 NP_182026.4 
C
yt
o
ki
n
in
 
CmRR1 PREDICTED: ARR1-like isoform X1 [Pyrus x bretschneideri] 2.00E-21 42 XP_009369970.1 
PREDICTED: ARR1-like isoform X1 [Malus domestica] 2.00E-19 42 XP_008340753.1 
PREDICTED: ARR1-like isoform X1 [Fragaria vesca] 9.00E-17 41 XP_004295112.1 
CmHK3a PREDICTED: histidine kinase 3 isoform X1 [Jatropha curcas] 2.00E-83 80 XP_012085699.1 
Histidine kinase 3 [Glycine soja] 1.00E-82 79 KHN12383.1 
PREDICTED: histidine kinase 3-like [Solanum tuberosum] 3.00E-79 78 XP_006352176.1 
CmHK3b PREDICTED: histidine kinase 3 [Glycine max] 1.00E-61 80 XP_003524900.1 
PREDICTED: histidine kinase 3 isoform X1 [Jatropha curcas] 2.00E-61 81 XP_012085699.1 
histidine kinase 3 [Arabidopsis thaliana] 1.00E-59 79 NP_564276.1 
A
u
xi
n
: t
ra
n
sp
o
rt
 CmPIN1  auxin efflux carrier component 1-like [Cucumis sativus] 2.00E-44 91 NP_001275530.1 
auxin transporter PIN1 [Triticum aestivum] 3.00E-43 88 AAS19858.1 
auxin efflux carrier component 1 [Agave tequilana] 3.00E-43 88 AJI44018.1 
CmTIR3  PREDICTED: auxin transport protein BIG [Vitis vinifera] 2.00E-45 67 XP_010660565.1 
Auxin transport protein BIG [Glycine soja] 5.00E-39 59 KHN45099.1 
auxin transport protein BIG [Arabidopsis thaliana] 6.00E-32 55 NP_186875.2 
A
u
xi
n
: s
ig
n
a
lli
ng
 
CmTIR1  transport inhibitor response 1 [Cynara cardunculus var. scolymus] 2.00E-86 92 AFM95208.1 
Protein TRANSPORT INHIBITOR RESPONSE 1 [Glycine soja] 1.00E-80 86 KHN28237.1 
transport inhibitor response 1 [Arabidopsis thaliana] 8.00E-75 85 ADL70210.1 
CmAXR1  NEDD8-activating enzyme E1 regulatory subunit [Vitis vinifera] 1.00E-103 87 XP_002267415.1 
NEDD8-activating enzyme E1 regulatory subunit [Ricinus communis] 6.00E-100 83 XP_002524186.1 
RUB-activating enzyme E1 [Arabidopsis thaliana] 2.00E-89 73 NP_973761.1 
CmAXR6  cullin 1 [Vitis vinifera] 2.00E-101 95 ACA30309.1 
Cullin-1, putative [Ricinus communis] 2.00E-94 95 XP_002516899.1 
cullin1 [Catharanthus roseus] 9.00E-94 94 ALI87038.1 
A
u
xi
n
: r
es
p
o
n
se
, A
u
x/
IA
A
 CmAXR2  Auxin-responsive protein IAA7 [Morus notabilis] 2.00E-79 84 XP_010087762.1 
Auxin-responsive protein IAA7, putative [Ricinus communis] 2.00E-79 83 XP_002517023.1 
PREDICTED: auxin-responsive protein IAA7 [Brassica napus] 2.00E-76 81 XP_013749219.1 
CmIAA16  auxin-responsive AUX/IAA family protein [Medicago truncatula] 6.00E-53 94 XP_013449825.1 
Auxin-responsive protein IAA16, putative [Ricinus communis] 8.00E-52 92 XP_002531288.1 
PREDICTED: auxin-responsive protein IAA16 [Jatropha curcas] 7.00E-51 90 XP_012089266.1 
CmIAA12  bodenlos family protein [Populus trichocarpa] 5.00E-44 70 XP_002311698.2 
PREDICTED: auxin-responsive protein IAA12-like [Nelumbo nucifera] 9.00E-43 69 XP_010262457.1 
PREDICTED: auxin-responsive protein IAA12 [Malus domestica] 1.00E-39 66 XP_008340670.1 
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Gene expression analysis 
Rt-qPCR was done using the 15 isolated genes and 4 genes previously isolated in chrysanthemum: 
CmBRC1 (Chen et al. 2013), CmLSL (Yang et al. 2005), CmIPT3 (Acc. Nr. JQ711176.1)  and CmMAX2 
(Dong et al. 2013). These genes represent key signaling functions in bud development and the 
pathways of auxin, cytokinin and strigolactones (Fig 1B). In the expression analysis of CmMAX3 there 
was amplification in the  no-RT for the majority of the samples and the ΔCp cut-off- value of 5 was 
not met. Therefore CmMAX3 expression was excluded from the analysis. Similarly, one of the three 
biological replicates was excluded for CmAXR1 (in C17 V1 Bud Zone C), CmHK3a (in C17 V1 Bud Zone 
A), CmTIR3 (in C17 V1 Bud zone A and in Bud Zone C V1 and T2), CmAXR2 (in C18 V2 Bud zone B’’) 
and CmIPT3 (in C18 V2 Bud Zone A); for these samples only 2 biological replicates were averaged.    
The expression of these genes is presented separately for C17 and C18 with significant differences 
between V1 and T2/V2 indicated on the figures (Figs 7-12). Raw CNRQ expression values are available 
in (S10 Table). Additional comparisons were made between the apex and zones of axillary buds and 
between the zones of the stem at each time point and between time points for C17 (S11-S13 Tables) 
and C18 (S14-S16 Tables). 
Expression of bud development genes 
The expression of the bud development related genes CmBRC1 and CmDRM1 showed a different 
pattern in C17 compared to C18. A decreased trend from V1 to T2 was seen in the expression of 
CmBRC1 (Fig 7A) and CmDRM1 (Fig 7C), while an increased trend was observed in C18 (Fig 7B,D). This 
decreased expression in C17 was most pronounced in the stem with significant changes in all zones 
for CmBRC1 and in zone B and C for CmDRM1. In C18 increased expression of CmBRC1 was significant 
in axillary bud zone A and B’, while CmDRM1 expression increased significantly in apex, axillary bud 
zone A and stem zone B’’ and C. 
CmLsL expression decreased in C17 from V1 to T2 in the axillary buds of zone A, B and C and in the 
stem zone B (Fig 7E). In C18 CmLsL expression increased in shoot apex and in the axillary buds of 
zone C from V1 to V2 (Fig 7F). CmSTM expression increased both in C17 (from V1 to T2 in apex, bud 
zone C and stem zone A,B) and in C18 (from V1 to V2 in apex, bud zone B, C and stem zone A).  
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Fig 7. RT-qPCR gene expression analysis of bud development genes for Chrysanthemum genotypes C17 and C18 at time 
points V1 and T2/V2. CNRQ for bud development related genes CmBRC1, CmDRM1, CmLsL and CmSTM in the shoot apex, 
axillary buds and stem samples. Data are means ± SE (n=3) of non log-transformed CNRQ. Fold changes between V1 and 
T2/V2 are indicated above the grey bars with *  indicating significance of the Kruskal Wallis test (p<0.05). Vegetative growth 
indicated by V, and the transition to generative growth indicated by T. 
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Expression of strigolactone genes 
The strigolactone biosynthetic gene CmMAX1 was expressed differently in C17 and C18. A decreasing 
trend from V1 to T2 in C17 (Fig 8A,E) and an increased expression from V1 to V2 in C18 (Fig 8B,F) was 
observed. Decreased expression in C17 was significant in bud zone B and stem zone A and C for 
CmMAX1. Increased expression in C18 was significant in bud zone A and stem zone B’’ for CmMAX1. 
The expression of the strigolactone signaling gene CmMAX2 increased in C17 from V1 to T2 and in 
C18 from V1 to V2.  
Fig 8. RT-qPCR gene expression analysis of strigolactone genes for Chrysanthemum genotypes C17 and C18 at time points 
V1 and T2/V2. CNRQ for strigolactone genes CmMAX1 and CmMAX2 in the shoot apex, axillary buds and stem samples. 
Data are means ± SE (n=3) of non log-transformed CNRQ. Fold changes between V1 and T2/V2 are indicated above the grey 
bars with *  indicating significance of the Kruskal Wallis test (p<0.05). Vegetative growth indicated by V, and the transition 
to generative growth indicated by T. 
Expression of cytokinin genes 
Expression of cytokinin biosynthesis gene CmIPT3 in C17 showed an overall decrease from V1 to T2 
(Fig 8A). In C18 no significant difference in expression was observed between V1 and V2, except in 
zone A and B of the stem (Fig 8B). Cytokinin receptor genes CmHK3a and CmHK3b (2 fragments of 
the CmHK3 gene) showed similar expression patterns in C17 and C18 but with higher expression of 
CmHK3a in C18 compared to CmHK3b. In C17 expression increased in apex and decreased in the 
stem (Fig 8E,G). In C18, an increased trend was seen from V1 to V2 in apex, bud and stem (Fig 8F,H).  
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Fig 9. RT-qPCR gene expression analysis of cytokinin genes for Chrysanthemum genotypes C17 and C18 at time points V1 
and T2/V2. CNRQ for cytokinin pathway genes CmIPT3, CmRR1 , CmHK3a and CmHK3b in the shoot apex, axillary buds and 
stem samples. Data are means ± SE (n=3) of non log-transformed CNRQ. Fold changes between V1 and T2/V2 are indicated 
above the grey bars with *  indicating significance of the Kruskal Wallis test (p<0.05). Vegetative growth indicated by V, and 
the transition to generative growth indicated by T. 
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The cytokinin response gene CmRR1 showed little change in expression from V1 to V2 in C17 except 
for a significant decrease in stem zone C (Fig 9C). In C18 CmRR1 expression showed an increasing 
trend from V1 to V2 with significant changes in bud zone A, B and stem zone A, B’’ and C (Fig 9D). 
Expression of auxin genes 
The auxin transport gene CmPIN1 showed an increased expression in C17 from V1 to T2, but a 
significant decrease was seen in stem zone C (Fig 10A). In C18 no significant changes in CmPIN1 
expression were observed between V1 and V2 (Fig 10B). CmTIR3 expression showed little change in 
C17 from V1 to T2 with one significant decrease in stem zone B (Fig 10C). In C18 an increased trend 
was seen with significant changes in bud zone A, C and stem zone B’’ (Fig 10D). 
Fig 10. RT-qPCR gene expression analysis of auxin transport genes for Chrysanthemum genotypes C17 and C18 at time 
points V1 and T2/V2. CNRQ for auxin transport genes CmPIN1 and CmTIR3 in the shoot apex, axillary buds and stem 
samples. Data are means ± SE (n=3) of non log-transformed CNRQ. Fold changes between V1 and T2/V2 are indicated above 
the grey bars with *  indicating significance of the Kruskal Wallis test (p<0.05). Vegetative growth indicated by V, and the 
transition to generative growth indicated by T. 
The auxin signaling genes CmTIR1 and CmAXR1 had a similar expression pattern in C17 and C18. Their 
expression in C17 from V1 to T2 remained low or largely unchanged (Fig 11A,C), while in C18, an 
increased trend was seen from V1 to V2 (Fig 11B,D). CmAXR6 expression in C17 showed little change 
Chapter 3 
77 
from V1 to T2 with a significant increase in stem zone A and a significant decrease in stem zone C (Fig 
11E). In C18 no significant changes were seen from V1 to V2 (Fig 11F). 
Fig 11. RT-qPCR gene expression analysis of auxin signalling genes for Chrysanthemum genotypes C17 and C18 at time 
points V1 and T2/V2. CNRQ for auxin perception genes CmTIR3, AXR1 and AXR6 in the shoot apex, axillary buds and stem 
samples. Data are means ± SE (n=3) of non log-transformed CNRQ. Fold changes between V1 and T2/V2 are indicated above 
the grey bars with *  indicating significance of the Kruskal Wallis test (p<0.05). Vegetative growth indicated by V, and the 
transition to generative growth indicated by T. 
The auxin response genes CmAXR2, CmIAA16 CmIAA12 showed a largely similar pattern of expression 
with little change in C17 and an increased trend in C18. This was most evident for CmAXR2 and 
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CmIAA16. CmAXR2 expression showed no significant differences from V1 to T2 in C17 (Fig 12A) and in 
C18 CmAXR2 expression increased significantly from V1 to V2 in bud zone B’’ and stem zone A, B, C 
(Fig 12B). CmIAA16 expression showed little difference from V1 to T2 (Fig 12C), while in C18 an 
increased trend of Cm IAA16 expression was seen from V1 to V2 with significant changes in bud zone 
B and stem zone A, B (Fig 12D). CmIAA12 expression in C17 from V1 to T2 showed an increased trend 
in apex and buds and a decreased trend in the stem (Fig 12E). In C18 an increased trend from V1 to 
V2 was seen with significant changes in apex, bud zone B’ and stem zone B’’ (Fig 12F).  
Fig 12. RT-qPCR gene expression analysis of auxin response genes for Chrysanthemum genotypes C17 and C18 at time 
points V1 and T2/V2. CNRQ for auxin response genes CmAXR2, CmIAA16 and, CmIAA12 in the shoot apex, axillary buds and 
stem samples. Data are means ± SE (n=3) of non log-transformed CNRQ. Fold changes between V1 and T2/V2 are indicated 
above the grey bars with *  indicating significance of the Kruskal Wallis test (p<0.05). Vegetative growth indicated by V, and 
the transition to generative growth indicated by T. 
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Additional hierarchical clustering (S3 Fig.) and canonical discriminant function analysis (S4 Fig.) 
further revealed some broader trends in the gene expression occurring in the genotypes C17 and 
C18. Hierarchical clustering showed a close linkage between auxin response genes CmAXR2 and 
CmIAA16 in both C17 and C18. In C18 CmBRC1 was closely linked to CmMAX1 and not far removed 
from CmDRM1. In C17, CmDRM1 and CmMAX1 were also found to be close to each other. This 
matches the trend of the general increased CmAXR2 and CmIAA16 expression in C18 versus the 
unaltered expression of these genes in C17. Also CmMAX1, CmBRC1 and CmDRM1 shared a similar 
trend of general decreased expression at T2 in C17 and increased expression at V2 in C18. The 
canonical discriminant function analysis showed a distinct clustering of apex samples and of the 
different zones in the axillary bud and stem samples in both C17 and C18  (S4 Fig. A,D) with stem 
samples clustered closely together. In C17 the floral transition at T2 leads to a clustering of Bud zone 
A and B, apart from the stem zones and bud zone C (S4 Fig. C). This distinctive clustering between 
bud and stem zones is less pronounced in C17 at V1 (S4 Fig. B) or in C18 at V1 and V2 (S4 Fig. E,F). 
This clustering reflects the zonation in gene expression of apex, axillary bud and stem samples with a 
clear difference between the two time points in C17, a difference that is less pronounced in C18.   
Discussion 
The axillary shoot growth observed in both chrysanthemum genotypes C17 and C18 was determined 
by apical dominance during vegetative growth. This was shown in C17 by the inhibition of axillary 
buds immediately under the apex, the larger buds in the middle part and the inhibited lower buds at 
V1 (Fig 2). In C18 the stronger apical dominance was evidenced by the overall inhibited axillary buds 
in the vegetative growth (Fig 4). These branching forms matched with previous axillary bud/shoot 
length measurements in chrysanthemum cut flowers (Jiang et al. 2012; Chen et al. 2013). In C17 
transition to the generative growth phase at T1 caused a release from apical dominance followed by 
the growth of axillary shoots directly under the apex. This concurs with previous measurements of 
subapical axillary bud outgrowth in chrysanthemum after release from apical dominance by 
decapitation and floral transition (Chen et al. 2013). At the end of the experiment, both genotypes 
exhibited their typical growth habitus, a split type for C17 and a continuous vegetative growth under 
long day for C18. 
The hypothesis of apical dominance where a high auxin production in the shoot apex and subsequent 
basipetal auxin transport inhibits the outgrowth of axillary buds is supported by various studies on 
vegetative axillary buds (Emery et al. 1998; Chatfield et al. 2000; Jiang et al. 2012). The reported IAA 
contents in the shoot apex, stem and axillary buds in this study were in agreement with this apical 
dominance mechanism (Fig 5). The higher IAA content measured in the shoot apex of C18 compared 
to C17 corresponded with the stronger apical dominance observed in C18. The floral transition 
initiated at T2 in C17 coincided with a decreased IAA content in the shoot apex and in the stem. In 
C18 no floral transition took place and correspondingly no drastic decrease of IAA content was 
observed from V1 to V2.  
Cytokinins are known regulators of axillary bud outgrowth and cytokinin homeostasis is also 
influenced by auxin that can inhibit biosynthesis and promote degradation (Dun et al. 2012). The 
increased CK levels observed in the axillary buds and stem in zone A of C17 at the moment of floral 
initiation (T2) reflect this axillary bud outgrowth promoting role. In vegetatively growing C18 plants, 
CK levels decreased in the axillary buds and stem from V1 to V2. Furthermore, lower CK levels were 
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measured in the shoot apex, axillary buds and stem of C18, which exhibited a stronger apical 
dominance than C17 (Fig 5). Like these observations, previous reports have shown increased 
cytokinin levels in axillary buds at the release from apical dominance by apex defoliation in tobacco 
plants (Geuns et al. 2001) and by decapitation in pea plants (Tanaka et al. 2006).  
The CK/IAA ratio offers a good indicator for the state of apical dominance and axillary bud outgrowth 
as was shown previously by Emery et al. (Emery et al. 1998) in lupin. In that case inhibited axillary 
buds showed a decreased CK/IAA ratio, whereas activated axillary buds showed increasing CK/IAA 
ratios. An increased CK/IAA ratio was also described in the outgrowth of axillary buds of tobacco 
following release from apical dominance (Geuns et al. 2001). In chrysanthemum we observed a 
strong increase in CK/IAA ratio in C17 in the subapical axillary buds of zone A at the time of release 
from apical dominance by floral initiation. In C18, where floral transition is absent, there was a 
notable decrease of the CK/IAA ratio in the axillary buds (Fig 6).  
In the subdivision of the different samples of axillary buds and stem into the zones A, B and C it could 
be remarked that in C17 the nodal positions at T2 do not match those in V1. These positions however 
where chosen to reflect a physiological change that was seen in the axillary bud outgrowth under the 
apex at the transition from vegetative growth to generative growth.  Furthermore middle positions in 
T2 already showed bud outgrowth with side shoots. These nodes were omitted from the sampling to 
only include axillary buds. For this reason, the nodal positions in zone A at V1 are the same positions 
that become zone C in T2. The different physiological status that occurs at floral transition in T2 is 
however better reflected by the change from zone A V1 to zone A T2, with decreased auxin content 
and increased cytokinin content in axillary bud and stem. This change is not seen from zone A V1 to 
zone C T2 S8 Table. and this comparison would disregard information about the hormonal regulation 
that happens in the axillary buds under the apex that show a strong outgrowth after floral transition. 
This was also shown by the changes in gene expression that occurred from V1 to T2 in zone A, and 
not from zone A V1 to zone C T2 S13 Table.,  coinciding with the changing hormone levels.  
In C17 CmBRC1, CmDRM1 and CmMAX1 expression showed a decreased trend from V1 to T2, while 
in C18 their expression had an increased trend or remained constant from V1 to V2 (Figs 7 and 8). 
This indicates that CmBRC1, CmDRM1 and CmMAX1 are downregulated at transition to generative 
growth and release from apical dominance in C17, while upregulation is seen in C18 during 
continuous vegetative growth. This corresponds with previous reports of high BRC1 expression in 
chrysanthemum (Chen et al. 2013) and high DRM1 expression in pea and Arabidopsis (Stafstrom et 
al. 1998; Tatematsu et al. 2005) in inhibited axillary buds and downregulation in activated buds.  
It has to be noted here that in our results the most striking decrease in CmBRC1 expression at floral 
transition happened in the stem samples, while in the axillary buds only a slight decrease was 
observed in the axillary bud samples of zone A and B with even an increase in zone C. This 
observation can be seen as somewhat contradictory with earlier reports of the role of BRC1. BRC1 
was found to be mainly expressed in dormant axillary buds in chrysanthemum and showed 
decreased transcript levels from 1 hour after release from apical dominance by decapitation (Chen et 
al. 2013). Interestingly, in the same study, 48 hours after decapitation, the BRC1 transcript levels had 
returned to the same levels as before the decapitation. This reported rapid downregulation of BRC1 
could be a possible explanation why we could not see a strong decrease in the axillary buds, 
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assuming that CmBRC1 levels had already reverted to the state before release of apical dominance 
by floral transition. On the other hand, it has been observed that in some cases the correlation 
between BRC1 expression and axillary bud activity was weak. In rice for instance, expression of the 
BRC1 orthologue FC1, is not reduced in dwarf10 (d10/max4) mutants that show increased shoot 
branching (Arite et al. 2007). Also in maize the TB1 expression did not decrease in ccd8 (max4) 
mutants with increased branching phenotype (Guan et al. 2012). In our case it cannot be excluded 
that CmBRC1 expression is correlated with axillary bud activity since a decrease in expression is still 
seen in the stem. To further study this relationship it would require samples at short intervals within 
24 hours of the floral initiation to account for the rapid changes in CmBRC1 expression. 
The observed downregulation of CmMAX1 in C17 suggests that local strigolactone biosynthesis in the 
stem and axillary buds decreases during transition to generative growth and release from apical 
dominance, preceding bud outgrowth in the axillary buds under the apex. This is the first description 
of MAX1 in chrysanthemum. Given the role of strigolactones to inhibit axillary bud outgrowth 
(Gomez-Roldan et al. 2008) and also the regulation by MAX1 in Arabidopsis (Stirnberg et al. 2002) 
and in Petunia (Booker et al. 2005), our results suggest that the release from apical dominance at 
floral transition observed in chrysanthemum coincides with a reduced strigolactone inhibition as 
shown by a reduced CmMAX1 expression. Expression levels of MAX1 during floral transition have not 
been previously reported but in red clover TpMAX1-1 expression as well as TpBRC1 expression were 
downregulated in nodal stem segments 24 hours after bud outgrowth was induced by node excision 
(Van Minnebruggen 2014). 
The gene involved in auxin transport, CmTIR3, showed an increased expression from V1 to V2 in C18 
while expression remained largely unaltered in C17 (Fig 10C,D). This observation corresponds well 
with the reported increased branching phenotype of  Arabidopsis tir3 mutants at floral transition 
(Shinohara et al. 2013). For CmPIN1 however, a general increase in expression was seen in C17 while 
the CmPIN1 expression in C18 remained constant (Fig 10A,B). It would indicate an increased auxin 
transport in C17 even though decreased auxin levels were observed here. This observation seems 
contradictory to what is known about auxin canalization, where auxin promotes the transcription of 
PIN1 through a positive feedback loop (Vieten et al. 2005; Young et al. 2014). Furthermore it has 
been shown in Arabidopsis leaves that  PIN1 expression was decreased in Tir3 mutant background, 
(Guo et al. 2013), so that a similar expression pattern of CmPIN1 to CmTIR3 could be expected. 
The expression of auxin signaling genes CmTIR1 and CmAXR1 and showed an increase in C18 from V1 
to V2 while in C17 this was not observed. The general expression of these genes was also higher in 
C18 compared to C17 (Fig 11). For these genes however, previous reports have shown that auxin 
treatments did not increase their expression (Pozo et al. 2002; Hellmann et al. 2003; Parry et al. 
2009), making it less likely that the increase seen in C18 reflects a response to increased auxin levels.  
CmAXR2 and CmIAA16 expression had an increased trend mainly in the stem of C18 (Fig 12). These 
Aux/IAA proteins function as repressors of auxin response but their transcription is induced by auxin 
(Abel and Theologis 1996; Paponov et al. 2008). Therefore the upregulation could be sign of a 
feedback to the auxin levels that remained high in C18 compared to C17. This pattern was less 
pronounced in the expression of CmIAA12.  
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The cytokinin genes showed a somewhat counterintuitive gene expression (Fig 9). For CmIPT3 the 
decreased expression as seen in C17 stem and axillary buds from V1 to T2 should indicate decreased 
cytokinin biosynthesis. This is opposite from what would be expected by looking at the cytokinin 
levels that are increased in the top axillary buds and stem from week1 to week2. However in 
chrysanthemum CmIPT3 has been previously reported to be upregulated in nodes after decapitation 
(Chen et al. 2013). In Arabidopsis, IPT3 is mainly expressed in the phloem and pericycle cells 
(Miyawaki et al. 2004) and is upregulated by high nitrate (Takei et al. 2004). Other cytokinin 
biosynthetic genes that are more important than IPT3 might be involved in the cytokinin biosynthesis 
at the nodal positions. Possible candidates are IPT1 and IPT2 that are associated with raised cytokinin 
levels and biosynthesis in pea shoots preceding bud outgrowth after decapitation (Tanaka et al. 
2006). However, homologues for these genes could not be isolated in this study. The cytokinin 
response genes CmRR1, CmHK3a and CmHK3b showed a general increased expression in C18 and 
some significant decreases in expression in C17. Like CmIPT3 these results are not what would be 
expected from the observed cytokinin levels that increased in C17 and decreased in C18. Although it 
has been reported in Arabidopsis that several cytokinin response genes were downregulated in 
treatments with exogenous cytokinin (Brenner et al. 2012). A possible explanation could be that this 
cytokinin response can proceed without new protein synthesis. CmHK3a and CmHK3b  represent 2 
fragments that were isolated from the CmHK3 gene and they share a 97% identity. The expression 
pattern of both fragments was similar along the apex, axillary buds and stem of genotypes C17 and 
C18 but in C18 the expression levels of CmHK3a were generally higher than CmHK3b.This suggests 
that CmHK3a has a different expression from CmHK3b and that these fragments could represent 
different forms of the CmHK3 gene such as is the case with the alternatively spliced ZmHK3a and 
ZmHK3b in maize (Muniz et al. 2010) or the homologous LjHK3a and LjHK3b loci in lotus (Ishida et al. 
2009). 
CmLsL was previously shown to be involved with shoot branching in chrysanthemum (Jiang et al. 
2009). Overexpression resulted in increased branching and LsL expression was negatively correlated 
with IAA content in the shoot tip. From this we would expect to see an increase in CmLsL expression 
in C17 and a decrease in C18. In our experiments however we observed a general decrease in LsL 
expression in C17 which was not seen in C18 (Fig 9E,F). A possible explanation for this can be that LsL 
is mainly involved in the early vegetative growth and in the formation of axillary meristems (Greb et 
al. 2003; Jiang et al. 2009), while our samples were taken later in vegetative growth with axillary 
meristems already established and developed to axillary buds.  Similarly, STM also represents a gene 
that is involved in axillary meristem formation (Grbić and Bleecker 2000). This could account for the 
lack of differential expression that was observed with CmSTM as there was a general increased 
expression in both C17 and C18.  
Conclusions 
Our results showed that at floral transition in chrysanthemum genotype C17 the release from apical 
dominance with subsequent outgrowth of axillary buds coincided with an increased CK/IAA ratio. 
Conversely, in genotype C18, continuation of vegetative growth was accompanied by a decreased 
CK/IAA ratio. The expression of several genes, most notably CmBRC1, CmDRM1 and CmMAX1, 
showed a differential expression pattern that coincided with the changes in CK/IAA ratio, with 
decreased expression at floral transition in C17 and increased expression with continued vegetative 
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growth in C18. Furthermore, expression of auxin genes CmTIR3, CmAXR2 and CmIAA16 corresponded 
with a higher auxin status in C18 during vegetative growth, compared to C17. The expression of 
CmBRC1, CmDRM1 and also CmMAX1, which was previously not yet reported in chrysanthemum, 
could be used as early indicators of bud outgrowth activity.  
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Supplemental data 
S1 Fig. Virtual gel view and electropherograms of the Experion™ automated electrophoresis (Bio-
Rad) for analysis of RNA quality in a subset of samples.  Numbers 1 to 6 represent samples from 
C17. Numbers 7 to 12 represent samples from C18. Apex, bud and stem samples are included for 
both timepoints.  
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S2 Fig. Functional domains on the isolated sequences in Chrysanthemum. Based on NCBI conserved 
domain search http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi. The protein sequences for 
Chrysanthemum and Arabidopsis are presented together. For CmARR1 and CmTIR3, the 
Chrysanthemum query sequence was too short to contain a functional domain. For these sequences 
an alignment to the Arabidopsis protein sequence (Clustal Omega 
http://www.ebi.ac.uk/Tools/msa/clustalo/) is provided below the conserved domains.  
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Clustal Omega protein sequence alignments of  Arabidopsis thaliana ARR1 
and TIR3 with the query sequences from Chrysanthemum 
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S3 Fig. Hierarchical clustering. A dendrogram was constructed for both genotypes C17 and C18. 
S4 Fig. Canonical discriminant function analysis. Discriminant analysis was performed on the 
combined gene expression data of all genes that were common to all tissues. The analysis was done 
for both genotypes C17 and C18 at both time points together (A and D) and at the different time 
points: for C17: V1 (B) and T2 (C), for C18: V1 € and V2 (F). For all plots the percentage of variance 
explained by Function 1 and 2 are indicated as FCN1 and FCN2. 
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S1 Table. MAX1 amino acid sequences that were used to make MAX1 degenerate primers 
Gene Organism Accession number 
MAX1 Arabidopsis thaliana     AT2G26170.1   
MAX1 Solanum lycopersicum XP_004245085 
MAX1 Populus trichocarpa      XP_006372016 
MAX1 Glycine max       XP_003549345 
MAX1 Medicago truncatula     XP_003603162 
MAX1 Vitis vinifera       XP_002279086 
MAX1 Ricinus communis       XP_002516084 
S2 Table. Primers used for isolating reference and target genes from chrysanthemum cDNA. The 
accession number corresponds to the gene that resulted from the BLAST search with the Arabidopsis 
homologue. 
Type Gene Acc. Nr. Forward primer Reverse primer 
R
ef
er
en
ce
 g
en
es
 
CmUBC  DK938098 AAAATGCAGGCATCAAGAGC ACCCGATCTGAGAAGATTGC 
CmUBQ10  DK943260 GGCTGCAGGAAAGACCATTA GCACAAGATGGAGGGTTGAT 
CmEF1α  DK939647 CCGGCAAGTCTACAACCACT ACACCAAGGGTGAAAGCAAG 
CmACT2  DK942730 AATGGTACCGGAATGGTGAA AGACGAAGAAGGCATGAGGA 
CmATUB DK939980 GCCGGTATTCAAGTCGGTAA CGCTCCAACAGAAGAGAACC 
CmCACS DK938195 CATGGAACAATATGGGCATT TGAGTGCAGAAGTGGAGTTGA 
CmEXP5 DK940274 ACCACAACCACCACCACTCT CATGCCAAGACGCTTACCTT 
CmEXP6 DK936679 ACATGCCAAAAGTCGAGGAC CCCCTATGCACAAGGTGTCT 
CmPGK DK940990 CCATCTGTTGCTGGTTTCCT CACCCATCTGGGATAGCAGT 
CmPSAA JG700150 GGCACAGTCCTCCCAAGTAA CCAATAACCACGACCGCTAA 
CmBTUB AB608732 GGTGCCGAGCTAGTTGACTC GAGTTGAGTTGACCCGGAAA 
CmMTP AB542716.1 CAACTCCCAAAACCCTCAAA GAAGCTCTCCTGCCATCAAC 
CmHH3 DK937563 CACACCTTCACCGAAAATGA GAAGCAACTGGCTACCAAGG 
Ta
rg
et
 g
en
es
 
CmMAX1  KT124645 GGICCIATHTTYMGITTYCARATG ACICCRAAIGCIGCYTGICCTAC 
CmMAX3 UN31745 CCACCTTCCCACAAACAAAA CATGGCTATCTTAGAGCGTTCA 
CmDRM1 UN71012 CGGCATACAACAACAACGAT CAAGCTACGCAAAGTCACCA 
CmPIN1 UN40485 GCCACTCCTACTGAGGTTGC ACAGCAGTGGTGCCATTGTA 
CmAXR1 UN93500 TGAAAGTTCCCGTCATAGGC GGCTGAGGCTGATTTTCTTG 
CmTIR1 UN83015 CTGACTGCGCATGAAGACAT CTTCTGCCGACAGATGTCAA 
CmIAA12 UN61458 CGAATTGAGGCAAAAGGGTA TGACGATTGGGAGGAAAGTC 
CmRR1 UN66918 TTTGGCTATTCGGATGGAAG CAGGATGTCGGTTTGACCTT 
CmHK3a UN55584 CCACCAAGATACCCGTCAGT TCATGGGAAGAACCCTTCTG 
CmSTM UN85005 CCAGTTGTTTATCTGCTTCTGGT CAATCTCGTAGATCCTCAAGCTG 
CmTIR3 UN96999 CAGCATTTTCACCAGCAGAA TTCACAAGCATGCACTCCTC 
CmAXR2 UN43016 TCATGATTCGAAGTCGCTTG CCAAGGCTCAAGTGGTAGGA 
CmIAA16 UN00818 TCCAAGTTCCAAATGCACAA GGGCAACATGTTCAGTTCCT 
CmAXR6 UN90522 TGTTGCAGGTACCCAATGAA CATTGAGGACACGCTTGAGA 
Chapter 3 
97 
S3 Table. RNA quality control. RNA concentration (ng/µl) and A260/280, A260/230 values of RNA 
isolated from the repeated V1 and V1/T2 shoot apex, stem and axillary bud samples of the 
chrysanthemum genotypes C17 and C18.  
Sample nr. Genotype Timepoint Tissue Position Repeat ng/ul 260/280 260/230 
1 C17 V1 Apex Apex I 345.52 1.99 2.12 
8 C17 V1 Apex Apex II 404.06 2.02 2.16 
15 C17 V1 Apex Apex III 429.53 2.01 2.16 
22 C17 T2 Apex Apex I 567.51 2.07 2.32 
29 C17 T2 Apex Apex II 471.88 1.99 2.19 
36 C17 T2 Apex Apex III 397.63 2.02 2.24 
43 C18 V1 Apex Apex I 397.84 2.01 2.23 
50 C18 V1 Apex Apex II 387.35 2.02 2.26 
57 C18 V1 Apex Apex III 419.9 2.01 2.24 
64 C18 V2 Apex Apex I 370.49 2.02 2.28 
73 C18 V2 Apex Apex II 470.44 1.98 2.21 
82 C18 V2 Apex Apex III 316.12 2.03 2.22 
2 C17 V1 Zone A bud I 440.24 2 2.13 
3 C17 V1 Zone A stem I 337.37 2.03 2.17 
9 C17 V1 Zone A bud II 362.99 2.02 2.15 
10 C17 V1 Zone A stem II 272.89 2.02 2.14 
16 C17 V1 Zone A bud III 267.62 2.02 2.16 
17 C17 V1 Zone A stem III 282.37 2.02 2.14 
23 C17 T2 Zone A bud I 331.62 2.05 2.27 
24 C17 T2 Zone A stem I 310.61 2.06 2.3 
30 C17 T2 Zone A bud II 634.03 2.09 2.31 
31 C17 T2 Zone A stem II 392.75 2.02 2.24 
37 C17 T2 Zone A bud III 668.89 2.07 2.29 
38 C17 T2 Zone A stem III 408.54 2.01 2.23 
44 C18 V1 Zone A bud I 345.26 2.01 2.27 
45 C18 V1 Zone A stem I 344.36 2.04 2.27 
51 C18 V1 Zone A bud II 398.78 2.02 2.25 
52 C18 V1 Zone A stem II 389.27 2.02 2.25 
58 C18 V1 Zone A bud III 273.79 2.06 2.28 
59 C18 V1 Zone A stem III 265.54 2.05 2.29 
65 C18 V2 Zone A bud I 242.13 2.05 2.31 
66 C18 V2 Zone A stem I 262.36 2.05 2.3 
74 C18 V2 Zone A bud II 153.28 2.03 2.29 
75 C18 V2 Zone A stem II 313.68 2.05 2.18 
83 C18 V2 Zone A bud III 303.1 2.03 2.26 
84 C18 V2 Zone A stem III 300.33 2.03 2.3 
4 C17 V1 Zone B bud I 199.07 2.03 2.06 
5 C17 V1 Zone B stem I 170.65 2 2.01 
11 C17 V1 Zone B bud II 196.13 2.03 2.1 
12 C17 V1 Zone B stem II 200.24 2.04 2.1 
18 C17 V1 Zone B bud III 251.95 2.02 2.06 
19 C17 V1 Zone B stem III 109.18 2.11 2.29 
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Sample nr. Genotype Timepoint Tissue Position Repeat ng/ul 260/280 260/230 
25 C17 T2 Zone B bud I 359.1 2.03 2.28 
26 C17 T2 Zone B stem I 224.68 2.06 2.3 
32 C17 T2 Zone B bud II 442.18 2 2.24 
33 C17 T2 Zone B stem II 335.39 2.04 2.27 
39 C17 T2 Zone B bud III 572.54 2.06 2.25 
40 C17 T2 Zone B stem III 250.5 2.07 2.3 
46 C18 V1 Zone B bud I 303.23 2.05 2.28 
47 C18 V1 Zone B stem I 209.91 2.06 2.28 
53 C18 V1 Zone B bud II 139.92 2.05 2.16 
54 C18 V1 Zone B stem II 253.49 2.08 2.34 
60 C18 V1 Zone B bud III 186.16 2.09 2.29 
61 C18 V1 Zone B stem III 271.56 2.03 2.28 
67 C18 V2 Zone B' bud I 272.11 2.03 2.28 
68 C18 V2 Zone B' stem I 170.57 2.06 2.27 
76 C18 V2 Zone B' bud II 239.78 2.06 2.31 
77 C18 V2 Zone B' stem II 183.99 2.07 2.29 
85 C18 V2 Zone B' bud III 333.45 2.03 2.21 
86 C18 V2 Zone B' stem III 194.87 2.05 2.3 
69 C18 V2 Zone B'' bud I 226.65 2.05 2.27 
70 C18 V2 Zone B'' stem I 114.68 2.05 2.25 
78 C18 V2 Zone B'' bud II 187.66 2.05 2.28 
79 C18 V2 Zone B'' stem II 117.97 2.06 2.26 
87 C18 V2 Zone B'' bud III 255.6 2.05 2.29 
88 C18 V2 Zone B'' stem III 129.14 2.04 2.27 
6 C17 V1 Zone C bud I 263.48 2.03 2.13 
7 C17 V1 Zone C stem I 190.56 2.03 2.07 
13 C17 V1 Zone C bud II 184.2 2.03 2.1 
14 C17 V1 Zone C stem II 210.54 2.03 2.09 
20 C17 V1 Zone C bud III 112.22 2.08 2.34 
21 C17 V1 Zone C stem III 199.39 2.09 2.3 
27 C17 T2 Zone C bud I 252.68 2.05 2.28 
28 C17 T2 Zone C stem I 218.94 2.05 2.22 
34 C17 T2 Zone C bud II 340.64 2.02 2.25 
35 C17 T2 Zone C stem II 257.89 2.05 2.23 
41 C17 T2 Zone C bud III 311.18 2.03 2.28 
42 C17 T2 Zone C stem III 264.25 2.06 2.3 
48 C18 V1 Zone C bud I 165.75 2.09 2.32 
49 C18 V1 Zone C stem I 120.59 2.06 2.25 
55 C18 V1 Zone C bud II 191.95 2.09 2.28 
56 C18 V1 Zone C stem II 166.55 2.06 2.26 
62 C18 V1 Zone C bud III 152.85 2.09 2.27 
63 C18 V1 Zone C stem III 145.65 2.05 2.27 
71 C18 V2 Zone C bud I 118.07 2.06 2.19 
72 C18 V2 Zone C stem I 101.32 2.11 2.35 
80 C18 V2 Zone C bud II 132.28 2.09 2.32 
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Sample nr. Genotype Timepoint Tissue Position Repeat ng/ul 260/280 260/230 
81 C18 V2 Zone C stem II 82,43 2.13 2.2 
89 C18 V2 Zone C bud III 185,87 2.05 2.3 
90 C18 V2 Zone C stem III 86,31 2.07 2.26 
S4 Table. Primers of reference and target genes used for RT-qPCR analysis 
Type Gene Forward primer Reverse primer 
Forward 
Tm (C°) 
Reverse 
Tm (C°) 
Amplicon 
length 
(bp) 
R
ef
er
en
ce
 g
en
es
 
CmUBC  ATGGACCGCACTTATCAAGG AGGAGGCTGCAAAGGGTATT 54.8 56.5 100 
CmUBQ10  CGAGAGCTCTGACACCATTG CGTCCTCGAGCTGCTTTC 55.5 56 107 
CmEF1α  ACACCAAGGGTGAAAGCAAG GGCTGATTGTGCTGTCTTGA 55.8 55.5 111 
CmACT2  GACCTTCAATGTTCCGGCTA CACACCATCACCAGAATCCA 54.8 54.8 103 
CmATUB CCAGATGCCAAGTGACAAAA GCGGTAAGTTCCAGTCCTCA 53.5 56.7 151 
CmCACS ATACCGTTGAGTGGGTCAGG GGGTCACCATGTCATCAAGA 56.6 54.5 103 
CmEXP5 GCAGTCGGATTTTCGTCACT GCGGGTTATGTGCGATATGT 55.4 55.4 104 
CmEXP6 ACCCCTATGCACAAGGTGTC TAGCACATGCAGTCGGATTT 57.2 54.5 150 
CmPGK AAAGAGGCCATTTGCTGCTA TCCAATCTTGGATGAGACCTTT 54.8 54.9 92 
CmPSAA GAAGCCCAGACAAAATGAGC GGCACAGTCCTCCCAAGTAA 54.3 56.8 90 
CmBTUB TGTCGGATACCGTTGTTGAG AGTCGCCAAAGCTTGGATTA 54.6 54.5 150 
CmMTP AAGCCACAAGCTAACCCTGA GAAGCTCTCCTGCCATCAAC 56.6 55.9 152 
CmHH3 TCACCGAAAATGAAATGCAA TGAGGCTTACCTGGTTGGTC 50.9 56.8 160 
Ta
rg
et
 g
en
es
 
CmBRC1  TGCTGTGTCGGTCTTTCTTG AATGTGCAGTCCACCATGAC 55.3 55.6 114 
CmIPT3  ACCCCGCCGAAATAATAAAT CCCTCTTCCCACTACCGATT 52.1 54.3 121 
CmLSL  ACCTCGCCGGAAGAGTTTAC CACATTTTCAGTCGCTCCAA 57 53.4 114 
CmMAX1  CAGAGCCGGAAAAGTTCAAG GAGGTCCAATCCCAAATGGT 53.9 54.9 99 
CmMAX2 CGACTACACGAATCTGCTCTC CACTTTTTGATGTTTCTTTTGAGG 54.9 51.3 119 
CmMAX3 ACCATAAAACCGGTGAGTGG CAACCTATCGCCCCAACTTA 55 54.6 134 
CmDRM1 GATGGTGATGGTGTTGTTGG ACCATGTCGGAAGGTGAAGG 54.1 57.1 98 
CmPIN1 ACAGCAGTGGTGCCATTGTA TGCAAAAAGTGCAACAAAGC 57.1 53.2 117 
CmAXR1 GGGCAAAACTGGAGAATTGA AGAAGATCGGCAGAGATCCA 53.3 55.3 128 
CmTIR1 TGCCAATAACCGTCCTAACC ACGTTGGAGTCCTTTGCAGT 54.8 56.9 133 
CmIAA12 GGAAAAACAGCAACGCTCTC CCGTGCTCAGAAACATCCTC 54.7 55.8 122 
CmRR1 CAGGATGTCGGTTTGACCTT GGAAGGACGGTTATGCTGAA 55 54.8 99 
CmHK3a TCCTTGCCGGTCAACATATC CTTCGCCCATTCAACAAGA 54.8 53 92 
CmHK3b TCCTTGCCGGTCAACATATC AAAGAAGATGACCCCCGTAGA 54.8 55.3 144 
CmSTM GCCTAGTCCACCAGTCAAGC GATCGGGAACTAAAGGGTCA 57.9 54 139 
CmTIR3 CCGTCCCAGTTCTTCTCTGA GGCCCAGCTTCATTACAAAA 56.2 53.6 101 
CmAXR2 CAAGAACGTGATGGCTCAAA GGTCCACCTTGCGAAGATAA 54.5 53.4 134 
CmIAA16 AACGCACTTGACCATCTCTG TTGGCAAAGGAAAACCAATC 51.7 53.3 159 
CmAXR6 GCAAATTGATGGACCTTTTGA CCCAATTGCTTCCTTTCCTT 55.2 51.7 152 
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S5 Table. Mean gene-specific PCR efficiencies, determined using LinRegPCR [61, 62], of reference 
and target genes used for RT-qPCR analysis. In batch 1 the expression of CmBRC1, CmIPT, CmLsL, 
CmMAX1 and CmMAX2 was analysed. Batch 2 was used for expression analysis of CmRR1, CmAXR1, 
CmAXR2, CmAXR6, CmHK3a, CmHK3b, CmDRM1, CmIAA12, CmIAA16, CmMAX3, CmPIN1, CmSTM, 
CmTIR1 and CmTIR3.   
Shoot apex/Bud Stem 
Type Gene PCR efficiency Gene PCR efficiency 
Batch1 Batch 2 Batch 1 Batch2 
R
ef
e
re
n
ce
 g
en
es
 
CmUBC 1.93 1.92 CmACT2 1.93 1.92 
CmATUB 1.91 1.92 CmATUB 1.91 1.91 
CmEF1α 1.89 1.89 CmUBQ10 1.90 1.89 
Ta
rg
et
 g
en
es
 
CmBRC1 1.92 CmBRC1 1.91 
CmDRM1 1.92 CmDRM1 1.91 
CmLsL 1.86 CmLSL 1.85 
CmSTM 1.92 CmSTM 1.92 
CmMAX1 1.90 CmMAX1 1.91 
CmMAX2 1.89 CmMAX2 1.87 
CmMAX3 1.88 CmMAX3 1.88 
CmIPT3 1.84 CmIPT3 1.85 
CmRR1 1.92 CmRR1 1.90 
CmHK3 a 1.90 CmHK3 a 1.89 
CmHK3 b 1.91 CmHK3 b 1.90 
CmAXR1 1.89 CmAXR1 1.92 
CmAXR2 1.86 CmAXR2 1.87 
CmAXR6 1.88 CmAXR3 1.86 
CmIAA16 1.90 CmAXR6 1.90 
CmIAA12 1.91 CmIAA12 1.89 
CmPIN1 1.85 CmPIN1 1.89 
CmTIR1 1.91 CmTIR1 1.90 
CmTIR3 1.91 CmTIR3 1.90 
S6 Table. Reference target stabilities. M and CV values for the 3 reference genes that were used for 
normalisation in the RT-qPCR analysis of branching genes in apex and axillary bud tissue and in stem 
samples.  
Tissue Reference gene Batch 1 Batch 2 
M CV M CV 
Apex/Axillary buds 
CmATUB 0.608 0.275 0.607 0.266 
CmUBC 0.526 0.218 0.56 0.258 
CmEF1α 0.516 0.199 0.472 0.144 
Mean 0.55 0.231 0.546 0.223 
Stem 
CmACT2 0.33 0.103 0.327 0.089 
CmATUB 0.42 0.179 0.458 0.2 
CmUBQ10 0.389 0.165 0.402 0.179 
Mean 0.379 0.149 0.396 0.156 
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S7 Table.  Values of CK, IAA measurements from the repeated V1 and V1/T2 shoot apex, stem and 
axillary bud samples of the chrysanthemum genotypes C17 and C18. The first tab shows IAA 
measurement and the total CK level, which is the sum of individual isoprenoid and aromatic 
cytokinins is presented in the second tab. (Electronically available at: 
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0161732.s0
11) 
S8 Table. Comparison of mean IAA and CK content between different zones of axillary buds and 
stem for C17 at V1 and T2 and for C18 at V1 and V2. Data are fold changes of hormone content (A-B 
= Zone-B/Zone-A) between mean (n=3) IAA or CK contents and the significant difference between 
means by Kruskal-Wallis test is indicated by * (p-value<0.05).  
C17 Bud Stem 
A-B A-C B-C A-B A-C B-C 
V1 IAA -4.9* -5.5* -1.1 1.1 1.1 1.1 
CK -4.5* -24.2* -5.4* -1.3* 1.9* 2.5* 
T2 IAA -2.1 -1.5 1.4 -1.7 6.2 10.4* 
CK -3.5* -13.4* -3.8 -2.9 -9* -3.1 
C18 Bud Stem 
A-B A-C B-C A-B A-C B-C 
V1 IAA -1.8 -3.8 -2.1 -1.5 -1.6 -1.1 
CK -1.5 -3.2 -2.2 -1.4 -1.2 1.2 
Bud Stem 
A-B' A-B'' A-C B'-B'' B'-C B''-C A-B' A-B'' A-C B'-B'' B'-C B''-C 
V2 IAA -1.3 -2.3 -3.6 -1.8 -2.8 -1.6 -1.0 -1.2 -1.7 -1.2 -1.6* -1.4* 
CK -2.9 -4.1 -10.7 -1.4 -3.7 -2.6 2.6 2.2 1.4 -1.2 -1.9 -1.6 
S9 Table. Comparison of mean IAA and CK content between different zones of axillary buds and 
stem for C17 between V1 and T2 and for C18 between V1 and V2. Data are fold changes (A-B = 
Zone-B/Zone-A) between mean (n=3) IAA or CK contents and the significant difference between 
means by Kruskal-Wallis test is indicated by * (p-value<0.05).  
C17 Bud Stem 
A-B A-C B-C A-B A-C B-C 
IAA -3.6* -2.5 1.9 -13.3* -1.3 -1.4 
CK -2.0* -7.5* -1.7 -1.1 -3.4* -2.5* 
C18 Bud       Stem 
A-B' A-B'' A-C B-C A-B' A-B'' A-C B-C 
IAA -1.1 -2.1 -3.2* -1.8 -1.8 -2.1 -2.9* -2.0* 
CK -6.6* -9.2 -24.1 -16.4 -2.7 -3.2 -5.1 -3.7 
S10 Table.  CNRQ gene expression data  from RT-qPCR on the repeated V1 and V1/T2 shoot apex, 
stem and axillary bud samples of the chrysanthemum genotypes C17 and C18.  (Electronically available 
at: http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0161732.s011)   
S11 Table. Fold changes of gene expression levels in C17 between the different apex and axillary 
bud  samples in V1 and T2. Data are fold changes (A-B = Zone-B/Zone-A)  between mean CNRQ 
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values (n=3). The significant difference between means by Kruskal-Wallis test is indicated by * (p-
value<0.05).  
V1 T2 
Apex-A Apex-B Apex-C A-B A-C B-C Apex-A Apex-B Apex-C A-B A-C B-C 
Bud   dev. CmBRC1 4.8* 8* 7.1* 1.7 1.5 -1.1 4* 7.8* 15.9* 1.9 4* 2* 
CmDRM1 1.5 9.2* 5.7* 6.2 3.8* -1.6 1.1 -1.1 7.2* -1.2 7* 8.2 
CmLsL 1.2 1.6* 1.2 1.4 -1 -1.4* -1.3* 1 2.2* 1.3* 2.8* 2.2* 
CmSTM  2.2* 1.1 -1.2 -2* -2.7* -1.4 1.5* 1.1 1.2 -1.3 -1.3* 1 
SL 
CmMAX1 1.1 1.9 1.5 1.8* 1.5* -1.2 1.1 1.3* 2* 1.2 1.8* 1.5* 
CmMAX2 -1.3 1 -1.4 1.4 -1.1 -1.4 -1.6 -1.4* -1 1.1 1.5 1.4 
CK 
CmIPT3 -1 25.4* 21.1* 25.6* 21.3 -1.2* 1.4 3 44.7* 2.2 32.8* 14.7* 
CmRR1 -1.2 1.7* 2.5* 2.1* 3* 1.4 -1.4* 1.1 1.8 1.6 2.6* 1.7 
CmHK3 a 1.1 1.5* 1.9* 1.4 1.7 1.2 -1.8* -1.2 -1.2 1.5 1.5 -1 
CmHK3 b -1 1.8* 1.7* 1.9* 1.7* -1.1 -1.6 -1.1 -1 1.5 1.6 1.1 
AUX trans. 
CmPIN1  1.3* -1.8* -2.5* -2.3* -3.3* -1.4* 1.1 1.2 -1.7* 1.1 -1.7* -2 
CmTIR3  -1 1.9* 2.8 1.9 2.8 1.5 -1.3 1.6 2.2 2.1 2.5 1.3 
AUX sign. 
CmTIR1  1 2* 1.6* 2* 1.6* -1.2 -1.1 -1.1 2.3* 1.1 2.6* 2.5 
CmAXR1  -1.1 1.4 1.3 1.6* 1.5 -1.1 1 1.2 1.3* 1.1 1.3 1.1 
CmAXR6  -2.1* 1.9* 1.3 4.1* 2.7* -1.5* -2.8* -1.7 1.8* 1.6 5* 3.1 
AUX resp. 
CmAXR2  -2.2* 2.2* 1.9 5* 4.4* -1.1 -3.2* -2.2 1.9* 1.4 6* 4.2 
CmIAA16  -1.1 -1.1 1 1 1.2 1.1 -1.3 1 1 1.3 1.3 1 
CmIAA12  1.7* -1.3 -1.8* -2.1 -2.9 -1.4 1.3* -1 -1.3 -1.4 -1.7* -1.2 
S12 Table. Fold changes of gene expression in C17 between the different stem samples in V1 and 
T2. Data are fold changes (A-B = Zone-B/Zone-A)  between mean CNRQ values (n=3). The significant 
difference between means by Kruskal-Wallis test is indicated by * (p-value<0.05).  
V1 T2 
A-B A-C B-C A-B A-C B-C 
Bud   dev. 
CmBRC1 2.3* 1.9 -1.2 1.4 2.3* 1.7* 
CmDRM1 3.4 4.6* 1.4 -1 3* 3.1* 
CmLsL 1.2 1 -1.2 1.2 1 -1.2 
CmSTM -1.6* -1.8* -1.1 -1.7* -2.4* -1.5* 
SL 
CmMAX1 1 -1 -1 1.1 -1 -1.1 
CmMAX2 1.2 1.9 1.6 -2.2* -4.2 -1.9 
CK 
CmIPT3 2.5* 1.7 -1.5 1.9 4.9* 2.5* 
CmRR1 1.2 1.8* 1.5* -1.5 -2.1* -1.4 
CmHK3 a 2.4* 2.5* 1 -1.2 1.2 1.4* 
CmHK3 b 2.2* 2.3* 1 -1.3 -1 1.2 
AUX trans. 
CmPIN1  -1.4* -1.1 1.3* -1.3 -2* -1.6* 
CmTIR3  2.6* 2* -1.3 1.2 1.6 1.3 
AUX sign. 
CmTIR1  1.7* 1.6* -1.1 -1.1 -1.1 -1 
CmAXR1  -1 1 1.1 -1.1* -1.3* -1.2 
CmAXR6 -1.2 -1.3* -1.1 -1 -1.4* -1.3* 
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V1 T2 
A-B A-C B-C A-B A-C B-C 
AUX resp. 
CmAXR2  -1.6 -1.6* -1 -1 -1.5* -1.5* 
CmIAA16  -1.1 1.1* 1.2* -1.5* -1.6* -1.1 
CmIAA12  1.1 1.1 1.1 1.1 -1.1 -1.2 
S13 Table. Fold changes of gene expression between V1 and T2 for different samples of axillary bud 
and stem of C17. Data are fold changes (A-B = Zone-B/Zone-A)  between mean CNRQ values (n=3). 
The significant difference between means by Kruskal-Wallis test is indicated by * (p-value<0.05).  
Bud Stem 
A-B A-C B-C B-A C-A C-B A-B A-C B-C B-A C-A C-B 
Bud   dev. CmBRC1 1.4 1.69 2.8* -2.3* -2* -1.06 -1.42 1.17 -4.6* -2* -3.8* -2.7* 
CmDRM1 -1.14 -3.28 1.9 -22.9* -14.1* -4.38 -3.54 -1.13 -11.36 -3.8* -15.6* -16.3* 
CmLsL -1.18 1.37 1.9* -2 -1.5 -1.15 -1.02 -1.2* -1.5* -1.4* -1.2* -1.06 
CmSTM -1.13 1.8* -1.09 2.3* 3.1* 2.39 -1.15 -1.7* 2.34 -1.1* 2.5* 1.5* 
SL 
CmMAX1 -1.05 -1.21 1.4* -2.1* -1.8* -1.5* -1.2* -1.3* -1.3* -1.34 -1.26 -1.17 
CmMAX2 1.8* 1.9* 2.6* 1.2 1.74 1.9* 1.39 -1.4* 2.59 -1.6 1.62 -1.35 
CK 
CmIPT3 -1.44 -2.5* 10.2* -82.2* -68.3* -30.6* -1.8* 1.44 -8.4* -1.7* -5.7 -3* 
CmRR1 1.64 1.21 2.5* -2.1* -3* -1.81 1.06 -1.33 1.3* -1.58 -1.13 -1.7* 
CmHK3 a 1.34 1.45 -1.05 -1.03 -1.26 1.67 1.01 1.5* -1.9* -1.7 -2* -2.5* 
CmHK3 b 2.32 1.3 2.5* -1.25 -1.14 1.34 1.02 1.26 -1.65 -1.72 -1.7* -2.2* 
AUX trans. 
CmPIN1  1.23 1.7* -1.37 3* 4.3* 4.04 1.03 -1.5* 1.81 -1.1* 1.38 1.1 
CmTIR3  1.46 1.23 1.78 -2* -2.72 -1.3 1.41 1.9* -2.24 -1.4* -1.69 -1.41 
AUX sign. 
CmTIR1  1.54 1.4* 2.7* -1.9* -1.5* -1.03 1.15 1.2 -1.3* -1.4* -1.21 -1.3* 
CmAXR1  1.39 -1.13 1.4* -1.5* -1.44 -1.11 -1.1 -1.3* 1.1* -1.3 -1.01 -1.2* 
CmAXR6 2.02 -1.02 4* -5* -3.4* -1.34 -1.05 -1.5* 1.19 -1.17 1.3* 1.3* 
AUX resp. 
CmAXR2  1.71 1.03 5.1* -5.8* -5* -2.54 -1.12 -1.7* 1.45 -1.1* -1.5* 1.5* 
CmIAA16  1.48 1.5 1.6* 1.1* -1.02 1.25 -1.11 -1.2* 1.42 -1.1* 1.17 -1.3* 
CmIAA12  -1.27 1.37 -1.5* 2.3* 3.1* 3.14 -1.06 -1.3* -1.27 -1.35 -1.37 -1.22 
S14 Table. Fold changes in gene expression in C18 between different apex and axillary bud samples 
for V1 and V2. Data are fold changes (A-B = Zone-B/Zone-A)  between mean CNRQ values (n=3). The 
significant difference between means by Kruskal-Wallis test is indicated by * (p-value<0.05).  
V1 V2 
Apex-A Apex-B Apex-C A-B A-C B-C Apex-A Apex-B' Apex-B' Apex-C A-B' A-B'' A-C B'-B'' B'-C B''-C 
Bud  
dev. 
CmBRC1 5.5* 11.4* 6.4* 2.1* 1.15 -1.8* 6.2* 13.2* 11.5* 5.4* 2.1* 1.8* -1.16 -1.15 -2.5* -2.1* 
CmDRM1 6.29 17.2* 22.2* 2.73 3.54 1.29 6.1* 12.1* 9* 7.3* 2* 1.47 1.18 -1.35 1.7* -1.24 
CmLsL 1.22 2* 2* 1.7* 1.6* -1.04 2* 3.3* 3.1* 3.6* 1.6* 1.6* 1.8* -1.05 1.1 1.15 
CmSTM 3.8* 3* -1.02 -1.25 -3.9 -3.1 2.5* 6* 4.8* 1.5* 2.4* 1.9* -1.6* -1.24 -3.9* -3.2* 
SL 
CmMAX1 2* 2.8* 2.5* 1.4 1.2 -1.13 3* 3* 2.4* 2.5* 1 -1.3* -1.19 -1.28 -1.19 1.08 
CmMAX2 1.77 3* 1.9* 1.74 1.05 -1.66 3.4* 3.3* 1.9* 1.26 -1.02 -1.8* -2.7* -1.8* -2.6* 
-1.5* 
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V1 V2 
Apex-A Apex-B Apex-C A-B A-C B-C Apex-A Apex-B' Apex-B' Apex-C A-B' A-B'' A-C B'-B'' B'-C B''-C 
CK 
CmIPT3 1.67 4.1* 66* 2.45 40* 16* -1.01 2.5* 8.9* 30.6* 1.43 5.18 17.79 3.6* 12.5* 3.4* 
CmRR1 1.46 1.63 3* 1.12 2.1* 1.85 2.3* 3.5* 4.1* 30.7* 1.5* 1.8* 1.8* 1.17 1.2* 1.02 
CmHK3 a 3* 2.3* 1.7* -1.31 -1.8* -1.33 2.5* 4.3* 2.9* 1.6* 1.7* 1.16 -1.6* -1.5* -2.8* -1.83 
CmHK3 b 1.7* 2* 1.9* 1.19 1.14 -1.04 2.8* 2.8* 2* 1.8* 1.02 -1.3* -1.6 -1.4* -1.6 -1.17 
AUX 
trans. 
CmPIN1  1.5* -1.06 -3.5* -1.6* -5.2* -3.3* 1.7* 1.15 -1.16 -3.1* -1.5* -2* -5.4* -1.33 -3.6* -2.7* 
CmTIR3 -1.5* 1.05 1.08 1.64 1.7 1.03 1.8* 1.43 1.43 2.3* -1.26 -1.26 1.31 1 1.65 1.65 
AUX 
sign. 
CmTIR1  1.18 3.8* 5.4* 3.2* 4.6* 1.43 1.7* 2.8* 3* 3.5* 1.62 1.74 2* 1.07 1.26 1.17 
CmAXR1  -1.07 1.3 1.88 1.38 2.01 1.45 1.6* 1.8* 2* 2.4* 1.1 1.3* 1.5* 1.1* 1.4* 1.19 
CmAXR6  -1.05 1.37 5.1* 1.45 5.4* 3.7* -1.3* 2.7* 2.9* 3.4* 3.6* 3.9* 4.6* 1.09 1.3* 1.19 
AUX 
resp. 
CmAXR2  -1.15 1.41 11.1* 1.63 13* 7.9* -1.7* 2.9* 4.54 7.3* 4.9* 7.7 12.4* 1.59 2.6* 1.61 
CmIAA16  -1.02 1.1 1.4* 1.13 1.4* 1.28 1.7* 1.7* 1.6* 1.4* 1.02 -1.05 -1.2* -1.07 -1.2* -1.16 
CmIAA12  1.1* -1.3* -5.2* -1.5* -5.9* -4* 1.08 -1.4* -1.5* -4.4* -1.5* -1.7 -4.8 -1.08 -3* -2.9* 
S15 Table. Fold changes in gene expression between stem samples in C18 V1 and V2.  Data are fold 
changes (A-B = Zone-B/Zone-A)  between mean CNRQ values (n=3). The significant difference 
between means by Kruskal-Wallis test is indicated by * (p-value<0.05).  
V1 V2 
A-B A-C B-C A-B' A-B'' A-C B'-C B''-C 
Bud   dev. CmBRC1 1.8* 1.64 -1.12 1.7* 1.68 2.4* 1.42 1.43 
CmDRM1 1.34 2.16 1.61 1.07 2.7* 3.2* 3* 1.18 
CmLsL 1.1* 1.1* -1 1.03 1.1* 1.5* 1.4* 1.3* 
CmSTM -1.52 -1.4* 1.05 -2.1* -2.2* -2.4* -1.1 -1.09 
SL 
CmMAX1 1.01 1.47 1.46 -1.16 1.3* 1.3* 1.6* 1.02 
CmMAX2 -1.17 -1.1* 1.1* -1.39 -1.12 1.19 1.6* 1.33 
CK 
CmIPT3 1.94 3.93 2.03 2.5* 9.8* 16.6* 6.7* 1.7* 
CmRR1 -1.1* 1.3* 1.52 -1.4* 1.13 1.4* 1.96 1.2 
CmHK3 a -1.6 -1.46 1.09 -2.6* -2.1 -2.7 -1.07 -1.3* 
CmHK3 b -1.24 -1.1* 1.2* -1.8* -1.32 -1.4 1.3* -1.07 
AUX trans. 
CmPIN1  -1.3* -1.3* 1.1* -1.6* -1.6* -1.6* -1.01 -1.01 
CmTIR3  2.42 3.64 1.5 2.2* 4.3* 4.9* 2.2* 1.14 
AUX sign. 
CmTIR1  1.3* 1.7* 1.28 1.43 2* 3* 2.1* 1.5* 
CmAXR1  -1.1* 1.3* 1.3* -1.07 1.4* 1.4* 1.5* 1.05 
CmAXR6  -1.63 -1.8* -1.12 -1.7* -2.1* -2.2* -1.3* -1.05 
AUX resp. 
CmAXR2  -1.5* -2.1* -1.4* -1.6* -1.7* -2.1* -1.3* -1.3* 
CmIAA16  1.1* 1.17 1.1* -1.3* -1.09 -1.17 1.2* -1.1* 
CmIAA12  -1.39 1.05 1.47 -1.8 -1.25 -1.2* 1.5* -1 
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S16 Table. Fold changes in gene expression between V1 and V2 of axillary bud and stem samples of  
C18. Data are fold changes (A-B = Zone-B/Zone-A) between mean CNRQ values (n=3). The significant 
difference between means by Kruskal-Wallis test is indicated by * (p-value<0.05).  
Bud Stem 
A-B' A-B'' A-C B-C A-B' A-B'' A-C B-C 
Bud   dev. CmBRC1 4.2* 3.7* 1.7* -1.2 1.36 -1.36 1.3* 1.05 
CmDRM1 6.5* 4.8* 3.9* 1.42 2.18 1.6* 5.5* 4.8* 
CmLsL 1.9* 1.9* 2.1* 1.3* 1.04 -1.1* 1.2* 1.4* 
CmSTM 1.9* 1.57 -2* -1.61 -1.7* -1.1* -1.8* -1.26 
SL 
CmMAX1 1.7* 1.4* 1.5* 1.08 1.1 1.1* 1.7* 1.7* 
CmMAX2 2.5* 1.44 -1.03 -1.8 1.27 1.5* 1.6* 2.5* 
CK 
CmIPT3 2.32 8.4* 29* 11.8* -1.1 -2.1* 3.6* 3.1* 
CmRR1 2.5* 3* 3* 2.7* -1.04 1.1* 1.6* 2.1* 
CmHK3 a 2.1* 1.38 -1.3* -1.02 -1.5* 1.1 -1.2* 1.02 
CmHK3 b 2.2* 1.6* 1.37 1.16 -1.07 1.16 1.26 1.5* 
AUX 
trans. 
CmPIN1  -1.4* -1.8* -4.8* -3.1* -1.37 -1.08 -1.37 -1.1 
CmTIR3  2.4* 2.4* 3.9* 2.4* 2.3* -1.1* 4.5* 2.1* 
AUX sign. 
CmTIR1  4.3* 4.6* 5.4* 1.69 1.4* 1.1* 2* 2.3* 
CmAXR1  1.7* 2* 2.4* 1.7* -1.13 -1.1* 1.3* 1.4* 
CmAXR6  3.8* 4.1* 4.9* 3.4* -1.11 1.5* -1.3* 1.1* 
AUX resp. 
CmAXR2  4.9* 5.96 12.5* 7.6* -1.02 1.48 -1.03 1.14 
CmIAA16  1.7* 1.6* 1.4* 1.25 -1.03 -1.1* 1.2* 1.1* 
CmIAA12  -1.3* -1.4* -4.1* -2.8 -1.5* -1.06 1 1.4* 
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Introduction 
The above ground architecture of plants post seedling stage determined by the outgrowth of axillary 
buds which develop from axillary meristems formed in the axils of leaves. Interaction of the plant 
hormones auxin, cytokinins and strigolactones is prominent in the physiological control of bud 
outgrowth regulation (Domagalska and Leyser, 2011). The main mechanism of bud outgrowth 
regulation has since long been attributed to the action of auxin and cytokinin, the balance of which 
controls apical dominance (Sachs and Thimann, 1967; Cline, 1991). Auxin is produced in the young 
expanding leaves of the shoot apex (Ljung et al. 2001) and is transported towards the roots in the 
stem (Friml, 2003). This basipetal transport is facilitated by PIN and ABCB auxin efflux proteins with 
basipetal transport mainly established by the PIN1 proteins in the basal membranes of the xylem 
parenchyma cells (Petrásek and Friml 2009). The further action of auxin to inhibit axillary bud 
outgrowth happens indirectly (Ongaro and Leyser, 2008). Evidence exists for two non-mutually 
exclusive models: the second messenger model and the canalization model (Domagalska and Leyser, 
2011). The second messenger model puts another signal or hormone downstream from auxin to 
directly influence bud outgrowth. Both cytokinin and strigolactone fit in this model as cytokinin 
biosynthesis was shown to be downregulated by auxin (Tanaka et al. 2006) while strigolactone 
biosynthesis was upregulated by auxin (Foo et al. 2005; Mashiguchi et al. 2009). Strigolactone was 
further reported to be able to inhibit axillary bud outgrowth by direct application to the bud (Gomez-
Roldan et al. 2008). The canalization model attributes the inhibitive action of auxin to a source-sink 
relationship between the shoot apex, axillary buds and stem. The apex and axillary buds compete for 
the availability to export auxin to the stem. Outcompeted axillary buds are deprived of auxin export 
to the stem and do not grow out. Strigolactone’s proposed function is to restrict the auxin transport 
from bud to stem by interfering with the mobilization of the PIN1 transport proteins in the basal 
membranes of the xylem parenchyma cells (Ongaro and Leyser, 2008). Supporting evidence is that 
application of exogenous strigolactone could increase axillary bud competition by suppressing PIN1 
auxin transport (Crawford et al. 2010; Shinohara et al. 2013).  
Recently, the role of sucrose in the control of apical dominance has also been reevaluated and 
sucrose was proposed, over auxin, as the initial regulator of apical dominance and bud outgrowth 
after loss of apical dominance (Mason et al. 2014; Barbier et al. 2015). The main argument for this 
case is the observation that bud outgrowth occurred in decapitated pea plants, prior to changes in 
auxin content in the stem (Morris et al. 2005). It is further argued that sugar also functions as a 
signaling molecule to trigger bud outgrowth. This is evidenced by non-metabolizable sucrose 
analogues that are able to trigger bud outgrowth (Rabot et al. 2012). Furthermore, sucrose has been 
reported to upregulate auxin (Mishra et al. 2009) and cytokinin biosynthesis (Kushwah and Laxmi, 
2014). 
To study the effects of plant hormones or other external treatments on axillary bud outgrowth a 
split-plate assay can be used. The concept of the assay is to put an excised nodal stem segment, with 
one or more axillary buds, in a petri dish between two pieces of agar. In this way axillary bud growth 
can be measured with different treatments of plant hormones, or other chemicals, that can be added 
either to the top or bottom piece of agar. This method was first described by Chatfield et al. (2000) in 
a study on the shoot branching of Arabidopsis (Arabidopsis thaliana), demonstrating that apical auxin 
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treatment could inhibit axillary bud growth and that basal cytokinin treatments could release auxin 
inhibition.  
The same method has been used in several other studies with different species including red clover 
(Van Minnebruggen et al. 2013), pea (Young et al. 2014; Brewer et al. 2015) and chrysanthemum 
(Liang et al. 2010; Chen et al. 2013).  Liang et al. (2010) showed inhibition of only basal axillary buds 
in two-node stem segments treated with 5µM of the synthetic strigolactone GR24. Furthermore, 
they observed inhibition of bud growth in one-node segments treated with GR24 only in combination 
with an apical auxin treatment. Also in chrysanthemum, Chen et al. (2013) reported that axillary bud 
inhibition by apical auxin NAA was weakened by basal cytokinin (BAP).  
In this study we used a modified split-plate assay to analyze bud outgrowth in chrysanthemum and to 
test the effect of different plant growth regulators on the bud outgrowth. The effect of treatments 
with the auxin indole acetic acid (IAA) and cytokinin (zeatin, 2-isopentenyladenine (2-iP)) or the 
cytokinin-like substance thidiazuron (TDZ), was verified to show auxin cytokinin antagonism in 
axillary bud outgrowth. Strigolactone (GR24) treatments were tested separately and in combination 
with auxin transport inhibitors (1-N-Naphthylphthalamic acid (NPA) and 2,3,5-triiodobenzoic acid 
(TIBA)) to investigate the role of basipetal auxin transport in the inhibitory action of strigolactone. 
Furthermore, we combined sucrose treatments with auxin and strigolactone to address the role of 
sucrose in apical dominance. In our modified assay we tested apical and basal treatments on 
defoliated nodal stem segments by adding plant growth regulators to a top or bottom agar plate 
without nutrients or sucrose. This way different treatments could be easily combined and effects on 
bud growth could be measured in a period of just 5 days. Furthermore, possible influences of plant 
hormones or assimilates from leaves on axillary bud growth could be avoided.  
Material and Methods 
Plant Material 
Chrysanthemum morifolium Ramat. cut flower genotype C17 (provided by Dekker Chrysanten BV., 
The Netherlands) was used in this study. Cuttings were rooted in a standard greenhouse at 20°C 
under long day light (16h SON-T 100µmol/m²s) conditions for 3 weeks. Nodal stem segments of 1.8 
cm, bearing two nodes, were cut from the young shoots. To obtain comparable segments in the 
same physiological status, we selected nodal positions 5-6 and 7-8 (starting from the nodal position 
with the first fully unfolded leaf under the shoot apex) (Fig. 1a). These positions contained axillary 
buds of roughly the same size that were inhibited by apical dominance. Leaves and stipules were 
removed from the segments. 
Split-plate assay 
Split-plate experiments were set up according to Chatfield et al. (2000) with minor modifications 
(Two petri dishes were used instead of cutting out a strip in a slab of agar and plant growth 
regulators were added into solidifying agar instead of being diffused into solid agar).  Stem segments 
were sandwiched between two petri dishes with 15 ml of 0.7% agar medium so that about 2 mm of 
the stem segment went into the agar at each end (Fig. 1b,c). Petri dishes were attached to each other 
with parafilm to prevent movement of the stem segments.  Treatments were given to the apical or 
basal end of the stem segments by adding plant growth regulators from 1 mg/ml stock solutions to 
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the solidifying agar in the top or bottom petri dish. IAA (0.5; 2; 5; 20 µM), NPA (5µM, 10µM) and TIBA 
(5µM) treatments were given apically and treatments with TDZ (1 µM), zeatin (20 µM), 2-iP (20 µM) 
and GR24 (5, 15, 25, 50 µM) were given basally. Sucrose treatments (1.5%) were always given in both 
top and bottom petri dish. Treatments with IAA were based on the concentration gradient from 
Fig.2. 5µM GR24 was based on previous chrysanthemum experiments (Liang et al. 2010) and 
expanded to 50 µM. 5µM NPA was based on (Chen et al. 2013) and increased to 10 µM in 
combination with GR24 following preliminary experiments. TIBA concentrations were based on 
preliminary experiments. Cytokinin concentrations were based on concentrations used in 
chrysanthemum tissue culture (Lindiro et al. 2013; Teixeira da Silva 2014) and preliminary 
experiments in combination with auxin. Table 1 gives an overview of the different treatment 
combinations that were used in the experiments.  
Table 1. Combinations of apical and basal treatments with plant growth regulators used in the different experiments. IAA, 
NPA and TIBA were added apically, Zeatin, 2-iP and GR24 were added basally and sucrose was always added apically and 
basally. 
Apical Basal Apical + Basal 
Figure IAA NPA TIBA TDZ zeatin 2-iP GR24 Sucrose 
2 0.5 µM-5µM 
3A 5µM 1µM 
3A 5µM 20µM 
3B 5µM 20µM 
3C 5µM 5µM 
4C 5µM 
4D 5µM 5µM 
5A 15µM-50µM 
5B 10µM 50µM 
5C 5µM 50µM 
6A 5µM 1,50% 
6B 50µM 1,50% 
6B 20µM 1,50% 
Fig. 1 Experimental setup of the modified split-plate assay with chrysanthemum nodal stem segments a) The nodal 
positions that were excised to form 1.8 cm nodal stem segments. b,c) Stem segments were placed in between two petri 
dishes. d) Axillary bud length was measured with imageJ. 
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Growth conditions and measurements 
Plates containing stem segments were placed in a growth chamber (20±1°C,19h day length) with 
fluorescent light (Philips TL-D Super 80 58W/840 cool white) with an intensity of 90 µmol*m-2s-1 at 
the height of the nodal stem segments inside the petri dish. Axillary bud lengths were measured on 
stereomicroscopy (Leica M165FC) pictures of the stem segments with ImageJ software (Fig. 1d). For 
all experiments, 5 nodal stem segments were used per treatment. Each nodal stem segment 
contained 2 axillary buds.  
Statistical Analysis 
For all the experiments a two-way ANOVA (SPSS 23, IBM Corp. Released 2015. IBM SPSS Statistics for 
Windows, Version 23.0. Armonk, NY: IBM Corp.) was used to test interaction effects between the 
treatments and the position of the axillary bud on the stem segment (lower bud versus upper bud). 
There was no significant interaction between treatment and axillary bud position in any of the 
reported experiments, except for the treatment with 5µM basal GR24 (Fig. 4c). In all experiments the 
data are therefore represented as mean axillary bud lengths ± standard error (SE) of 10 axillary buds 
per treatment (5 nodal stem segments with each 2 axillary buds). In figure 4 the axillary bud length is 
shown separately for the lower and upper axillary buds for each treatment.  
Results 
Axillary bud outgrowth inhibition with apical IAA 
The initial bud length in all treatments was around 1 mm at day 1. In the 0µM IAA control treatment 
axillary bud outgrowth occurred over the 12-day period (Fig. 2a) with a visible change from bud to 
unfolded leaf at day 4 and 5 (Fig. 2c). Treatments with 0.5µM, 2µM and 5µM IAA, over the period of 
12 days, showed an inhibition of axillary bud growth compared to the 0µM IAA control treatment 
(Fig. 2a) with significant differences between control and IAA treatments from day3 to day12. This 
inhibition was stronger with increasing concentrations of IAA, culminating with 5µM IAA. In the 5µM 
IAA treatment, bud growth was strongly inhibited in the first 5 days of recording. After day5, limited 
bud growth occurred with leaf expansion and visible outgrowth from day8 onwards. The bud 
outgrowth rate was consistently higher in the control treatment during the first five days compared 
to the other treatments, where BOR decreased with each increase in IAA concentration (Fig. 2b). The 
control treatment also showed a peak of BOR at day4. This indicated that in this experimental set up, 
the highest bud growth response occurred in the first 5 days. Based on these results, we used 5µM 
IAA as the concentration to inhibit axillary bud outgrowth and measured axillary bud growth in 5 
consecutive days in the experiments that followed. 
Cytokinin and NPA mitigate IAA axillary bud outgrowth inhibition 
The treatment with 5µM IAA inhibited axillary bud outgrowth (Fig. 3a). Treatments with a 
combination of 5µM IAA apically and basal 20µM zeatin, 1µM TDZ (Fig. 3a) or 20µM 2-iP (Fig. 3b) 
showed reduced bud outgrowth inhibition compared to 5µM IAA. A similar reaction was also 
observed for apical treatment with 5µM of the auxin transport inhibitor NPA combined with 5µM IAA 
(Fig. 3c).  
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Fig. 2 Axillary bud length in the split-plate assay with IAA treatments on chrysanthemum nodal stem segments Apical 
treatments (marked with A in the legend) with 0µM IAA, 0.5µM, 2µM IAA and 5µM IAA were assessed by measuring axillary 
bud outgrowth every 24 hours for 12 consecutive days. a) Bud length on the y-axis measured for 12 days. n = 10 ± SE b) Bud 
outgrowth rate (BOR) was calculated as the difference in bud length between two subsequent days divided by the interval 
of days (2) between these measurements, starting from day2. n = 10 ± SE c) Images of 1 single axillary bud measured over 
12 days for the 0µM IAA treatment and the 5µM IAA treatment.  
Fig. 3 Axillary bud length in the split-plate assay with cytokinin and NPA treatments on chrysanthemum nodal stem 
segments Bud length is shown on the y-axis measured over 5 days on day1, day3 and day5 for the different treatments. n = 
10 ± SE a) 5µM apical IAA combined with 20µM basal zeatin or 1µM basal TDZ. b) 5µM apical IAA combined with 20µM 
basal 2-iP. c) 5µM apical IAA combined with 5µM apical NPA. Apical and basal treatments are marked in the legend with A 
or B respectively. 
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Axillary bud outgrowth inhibition with basal strigolactone GR24 
For the experiment with GR24 a significant difference between the lower and upper bud at day4 and 
day5 was observed. Therefore, the axillary bud lengths were split up in the lower node (LN) and the 
upper node (UN) (Fig. 4). Treatment with 5µM GR24 showed an inhibiting effect only in the lowest 
axillary bud of the two buds on the stem segment. In the control treatment (Fig. 4a) both the LN and 
UN axillary buds grew out in equal lengths. The treatment with 5µM IAA (Fig. 4b) and the treatment 
with 5µM IAA and 5µM GR24 (Fig. 4d) showed both LN and UN buds to be equally inhibited. The 
treatment with 5µM GR24 (Fig. 4c) showed outgrowth of the UN bud and inhibition of the LN bud.  
Fig. 4 Axillary bud length in the split-plate assay with GR24 and IAA treatments on chrysanthemum nodal stem segments 
Bud length is shown on the y-axis measured over 5 days with separate upper node bud length (UN) and lower node bud 
length (LN). n = 5 ± SE  a) Control treatment. b) Apical treatment with 5µM IAA. c) Basal treatment with 5µM GR24. d) Apical 
treatment with 5µM IAA and basal treatment with 5µM GR24. Significant difference (t-test) between LN and UN is marked 
in the figure with *. 
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Basal treatments with a concentration gradient of GR24 were tested to achieve inhibition of both 
axillary buds on the stem segment (Fig. 5a). The treatment with 50µM GR24 showed the strongest 
inhibition of bud outgrowth with no significant differences between lower and upper nodes. Hence, 
this concentration was subsequently used in further tests with GR24. 
Fig. 5 Axillary bud length in the split-plate assay with GR24, NPA and TIBA treatments on chrysanthemum nodal stem 
segments Bud length is shown on the y-axis measured over 5 days on day1, day3 and day5 for the different treatments. n = 
10 ± SE a) 5µM, 15µM, 25µM and 50µM basal GR24. b) 50µM basal GR24 combined with 10µM apical NPA. c) 50µM basal 
GR24 combined with 5µM apical TIBA. 
TIBA and NPA mitigate GR24 axillary bud outgrowth inhibition 
Basal applications with 50 µM GR24 were combined in two experiments with apical treatments with 
the auxin transport inhibitors NPA (Fig. 5b) and TIBA (Fig. 5c). An application of 10 µM apical NPA 
combined with 50 µM basal GR24 increased the bud length growth compared to the 50 µM GR24 
treatment but bud length growth was lower than in the control treatment (Fig. 5b). The application 
of 5 µM apical TIBA together with 50 µM basal GR24 showed an increased bud length growth, similar 
to the control treatment, compared to the restricted growth in the 50µM GR24 treatment (Fig. 5c). 
The same result was also obtained with 10 and 20 µM TIBA in combination with 50 µM GR24 (data 
not shown). Treatments with either NPA or TIBA were included as a reference for the effect of these 
auxin transport inhibitors on bud outgrowth (S.1). Treatment with 10 µM NPA or 20 µM TIBA showed 
a slight decrease in bud outgrowth compared to control treatment.  
Increased axillary bud outgrowth with sucrose is inhibited by IAA but not by GR24 
treatment 
Treatment with 1.5% sucrose showed increased axillary bud growth compared to the control without 
sucrose. When 5 µM IAA was applied in the 1.5% sucrose treatment there was an inhibition of bud 
outgrowth compared to the 1.5% sucrose control but the bud outgrowth was not inhibited beyond 
the no sucrose control (Fig. 6a). Treatment of 1.5% sucrose with 20 µM IAA showed inhibition of bud 
growth compared to the other treatments except the no sucrose 5 µM IAA treatment, which showed 
the strongest inhibition of bud outgrowth. The treatment with 1.5% sucrose and 50µM GR24 showed 
no inhibition of axillary bud outgrowth (Fig. 6b).  
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Fig. 6 Axillary bud length in the split-plate assay with Sucrose, IAA and GR24 treatments on chrysanthemum nodal stem 
segments Bud length is shown on the y-axis measured over 5 days on day1, day3 and day5 for the different treatments. All 
treatments with sucrose had 1.5% sucrose in the basal and apical medium. n = 10 ± SE  a) 1.5 % sucrose with 5µM apical 
IAA. b) 1.5% sucrose in combination with 20µM apical IAA or 50µM basal GR24. 
Discussion 
Bud outgrowth assay 
In the experiment where apical auxin was applied for 12 days (Fig. 2), bud outgrowth occurred in the 
control treatment during the 12-day period that was measured (Fig. 2a). The rate of this bud 
outgrowth decreased after reaching a peak at day4 (Fig. 2b). The axillary bud length itself reached a 
plateau at day10. This indicates that after reaching a growth peak within the first 5 days, axillary bud 
growth decreased and halted. The arrested growth after the initial 5 days might be explained by the 
fact that no sucrose or other nutrients were added to the medium and that also the leaves were 
removed.  In previous reports it was shown that defoliation could have effects on bud outgrowth. In 
sorghum, defoliation led to an inhibition of axillary bud outgrowth (Kebrom et al. 2010). Similarly, 
defoliated pea plants showed inhibited axillary bud growth after decapitation (Mason et al. 2014). 
These observations have been suggested to be linked with sugar requirements of the growing buds 
(Rameau et al. 2015). Differences in leaf area could therefore influence the capacity of axillary buds 
to grow out (Kebrom et al. 2015).  Accordingly, in our experiments, defoliated stem segments were 
used in order to eliminate the influence of auxin or sucrose from the leaves. The defoliation did not 
restrict the capability of the axillary buds to grow out, evidenced by the observed bud outgrowth 
occurring in a 5-day period in the control treatments.  
Auxin and cytokinin bud outgrowth physiology 
The apical treatment with auxin showed a correlation between the inhibition of axillary bud 
outgrowth and the concentration of apical IAA (Fig. 2). During the first 5 days there was complete 
inhibition of axillary bud outgrowth with 5µM IAA. After day5 the axillary buds started expanding and 
showed bud outgrowth from day8 to day12. This demonstrated that the auxin treatment caused a 
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delayed axillary bud outgrowth with initial inhibition. This has also been observed in Arabidopsis 
stem segments treated with NAA and it has been argued that the eventual outgrowth could be due 
to synthesis of cytokinins in the cut stem (Chatfield et al. 2000). Another possibility could be that a 
decapitation signal, besides auxin, could induce the bud outgrowth (Morris et al. 2005).  
The results with auxins and cytokinins showed that the inhibitory effect of IAA could be alleviated 
with basal application of three cytokinins, zeatin, TDZ and 2iP (Fig. 3). These observations are in line 
with previous reports in Arabidopsis (Chatfield et al. 2000) and chrysanthemum (Chen et al. 2013) 
where basal treatment with the cytokinin BA could reduce the inhibition of apical treatment with the 
auxin NAA. Apical treatment with the auxin transport inhibitor NPA showed a similar alleviation of 
axillary bud inhibition by apical IAA. NPA blocks ABCB and PIN auxin transport proteins that enable 
the polar auxin transport (Petrášek et al. 2006; Blakeslee et al. 2007). These results were also 
consistent with alleviation of NAA inhibition of axillary bud outgrowth by NPA in Arabidopsis 
(Chatfield et al. 2000).  
Strigolactone bud outgrowth physiology 
In the first experiment with GR24, 5µM was applied basally and both the length of the upper and 
lower node was recorded (Fig. 4). A clear difference in outgrowth was observed: the upper node 
axillary bud grew out while the lower node axillary bud was inhibited. These results showed that 
5µM GR24 was not sufficient to inhibit the axillary bud outgrowth in both nodes of the stem 
segment. This confirms the results of a previous report where a basal treatment with 5µM GR24 
could only inhibit the lower bud of a 2-nodal chrysanthemum stem segment (Liang et al. 2010). A 
possible explanation could be that the physiological action of strigolactone is dependent on an apical 
auxin source, as proposed in the canalization model. The action of GR24 would dampen polar auxin 
transport by constraining accumulation of PIN1 auxin transport proteins. This would limit the amount 
of auxin that can be transported from axillary bud to stem and is required for the outgrowth of the 
bud. Furthermore, a competition would occur between the two adjacent axillary buds for the ability 
to transport auxin into the stem (Crawford et al. 2010). In our treatment with 5µM GR24 the UN bud 
grew out (Fig. 4c). This would then, together with the basal GR24, limit the availability of auxin export 
for the LN bud, causing it to be fully inhibited. Similar observations that show strigolactone inhibition 
only in presence of an apical auxin source, have been made in Arabidopsis and pea (Bennet et al. 
2006; Ongaro and Leyser, 2008; Crawford et al. 2010). 
When GR24 was applied at high concentrations (50µM) axillary bud outgrowth was inhibited without 
the addition of an apical auxin source (Fig. 5a). This corresponds with the results in other 
experiments with pea and Arabidopsis (Brewer et al. 2009, 2015; Dun et al. 2013) where basal GR24 
treatments could also inhibit axillary buds in absence of an apical auxin source. This new observation 
in chrysanthemum is in line with the second messenger model where the action of strigolactone is 
proposed to be downstream and independent of auxin transport capacity. In both the canalization 
model and the second messenger model the action of strigolactone is downstream of auxin; the 
difference being that in the second messenger model the strigolactones can act independently of 
auxin, while in the canalization model the action of strigolactone is auxin dependent. Thus, one could 
reason that if the upstream auxin signal is weakened by polar auxin transport inhibitors, the axillary 
bud inhibition by strigolactone would be weakened in the case of the canalization mechanism. 
Therefore, basal application of GR24 was combined with apical application of the auxin transport 
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inhibitors NPA and TIBA. TIBA was proposed to compete with natural IAA for transport and binding 
sites without showing auxin activity (Katekar and Geissler, 1977). Apical application with NPA or TIBA, 
in combination with basal GR24, showed reduced inhibition of axillary bud growth when compared 
to the basal GR24 treatment alone (Fig. 5b,c). These results seem to contradict the observation that 
GR24 could inhibit bud outgrowth independent of an apical auxin source since, when auxin transport 
is restricted, the inhibitive effect of GR24 is alleviated and could be seen as support for the auxin 
canalization model. From another perspective, the increased bud outgrowth that was observed in 
the treatment with GR24 in combination with NPA could be explained by previous observations that 
strigolactones inhibit or promote axillary bud outgrowth depending on the auxin transport status 
(Shinohara et al. 2013). There it was shown that in stems that are already deprived of auxin 
transport, which is the case in NPA treated plants, strigolactone can actually promote axillary bud 
outgrowth. This also fits into the canalization model (Waldie et al. 2014).  
The difference between intact plants and the isolated stem segments that are used in this study 
could also have effects on the action of auxin to inhibit axillary bud growth. It was shown in 
decapitated strigolactone deficient pea plants that apical auxin application could not inhibit axillary 
bud growth (Beveridge et al. 2000). Consistently, intact Arabidopsis mutant plants with increased 
auxin biosynthesis (yuc1D) showed decreased branching, whereas double mutants with increased 
auxin biosynthesis (yuc1D) and strigolactone deficiency (max3), showed an increased branching 
similar to max3 plants (Brewer et al. 2015). This demonstrated that strigolactone is required for the 
inhibition of axillary buds by auxin, fitting to the secondary messenger model. In contrast, in isolated 
stem segments of strigolactone deficient pea plants, apical auxin treatment could inhibit bud 
outgrowth (Young et al. 2014). The fact that auxin could not inhibit bud growth in the intact plants 
has been ascribed to the cytokinins provided by the roots that would counteract auxin and promote 
bud outgrowth (Foo et al. 2007; Young et al. 2014). In the isolated stems the reported strigolactone 
independent bud growth inhibition could then be caused by auxin suppressing cytokinin biosynthesis 
(Young et al. 2014). This difference between intact and decapitated plants is an important 
consideration for the bioassay. Using isolated stem segments offers the advantage of fast and precise 
bud outgrowth measurements and application of plant growth regulators to a large number of 
samples. The influence of roots, leaves and shoot apex are also removed, resulting in a local 
perspective of the bud and stem. On the other hand, isolated segments overlook more the complex 
regulation of intact plants where roots, leaves and shoot apex provide sources and sinks for plant 
hormones and nutrients that can interact and compete with the axillary buds  to influence 
outgrowth. It would therefore be interesting to include intact plants alongside stem segments in the 
bioassay. 
Sucrose bud outgrowth physiology 
In the treatments with sucrose, stem segments on 1.5% sucrose medium showed stronger axillary 
bud growth compared to stem segments on sucrose free medium. There was a difference in the 
response to sucrose between the two experiments in Fig. 6 (a vs. b) with a stronger bud outgrowth 
under sucrose treatment in a compared to b. These separate experiments used different batches of 
rooted cuttings, hence a different physiological condition of the motherplants or different 
greenhouse conditions could explain the different response. Most likely cuttings for experiment a 
started with less assimilates than those for experiment b. Stem pieces treated with 5µM IAA in 
sucrose medium showed inhibition of axillary bud outgrowth compared to stems on 1.5% sucrose but 
Chapter 4 
118 
a similar extent of bud growth as compared to the sucrose free control (Fig. 6a). It should be noted 
that the 5µM IAA treatment in sucrose medium inhibited bud growth until day3, while at day 5 the 
bud growth of the IAA treated stems surpassed that of the control treatment. This indicates that the 
apical IAA induced an initial inhibition of bud outgrowth but, compared to IAA treatments in sucrose 
free medium, bud outgrowth occurred with a shorter delay. This shows that apical auxin maintained 
an inhibitory effect on axillary bud outgrowth but that sucrose decreased the delay period of 
outgrowth. These observations are still in line with a central role of auxin in the regulation of axillary 
bud outgrowth but also show the importance of the interaction with sucrose requirement. 
Unlike IAA application, GR24 treatment in combination with sucrose did not result in axillary bud 
outgrowth inhibition (Fig. 6b). This observation contrasts with the bud outgrowth inhibition that was 
seen in treatment with GR24 in the sucrose free medium. This indicates that the effect of GR24 alone 
could not inhibit axillary bud growth when sucrose was supplied to the plant. Interestingly, in the 
sucrose medium, treatment with apical auxin could still restrict axillary bud growth compared to the 
control. These observations do not comply with the second messenger model. According to this 
model the action of strigolactone is downstream of auxin so at least some bud growth inhibition 
would be expected. A possible explanation could be that other factors would play a more influential 
role on bud outgrowth in decapitated plants than strigolactones. Strigolactone could also be 
upstream from sucrose, making GR24 treatment ineffective in bud inhibition. The inhibition that was 
seen with IAA treatment could then have been due to strigolactone independent factors, like 
repressed cytokinin biosynthesis (Young et al. 2014) or reduced sink strength of the stem for auxin 
transport from the axillary buds according to the canalization model.  
Besides the canalization and second messenger model, these observations could be explained by 
considering separate bud outgrowth mechanisms for intact plants and for decapitated plants (Mason 
et al. 2014). In intact plants, the hormonal balance between auxins, strigolactones and cytokinins 
would maintain the apical dominance and control over outgrowth of axillary buds. In decapitated 
plants a more rapid response would occur (Morris et al. 2005), making sucrose available for axillary 
buds that could subsequently grow out. After bud outgrowth these axillary shoots would become a 
new source of auxin, reestablishing the hormonal balance. Stem segments that were supplied with 
sucrose in the assay presented here would in this way represent decapitated plants with a rapid bud 
outgrowth response, independent from hormonal control, explaining the ineffectiveness of GR24 to 
inhibit bud growth. This still leaves out an explanation for the bud growth inhibition that was seen in 
treatments with apical IAA and sucrose, fitting best with the auxin canalization model. Another 
aspect to consider, however, is that sucrose source to sink movements in the plant can also be 
influenced by a positive feedback with auxin and cytokinin (Gersani et al. 1980). A treatment with 
auxin could thereby divert the movement of sucrose from the axillary bud sink and limit its 
outgrowth. It is likely that a dual role of sucrose as a trophic substance and signaling molecule is 
involved in shoot branching through cross-talk with the hormonal regulation. 
Conclusions 
In this work a modified split-plate assay for chrysanthemum nodal stem segments was used and 
axillary bud outgrowth with applications of IAA, cytokinins (TDZ, zeatin, 2-iP) strigolactone (GR24) 
and sucrose were examined. Apical IAA treatments inhibited axillary bud outgrowth within a 5-day 
period and severely delayed bud growth after 8 days. Basal cytokinin treatments, as well as apical 
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NPA treatment, could reduce bud growth inhibition by apical IAA. Treatment with 5µM GR24 showed 
inhibition of the lower axillary bud and outgrowth of the upper axillary bud, consistent with the auxin 
canalization model. On the other hand, treatment with 50 µM GR24 could inhibit both LN and UN 
axillary bud growth without an apical auxin source, which is in line with the second messenger 
model. However, limiting the polar auxin transport with NPA and TIBA reduced the inhibition by 50 
µM GR24, a result that also fits the auxin canalization model. With application of sucrose, apical IAA 
application could inhibit bud outgrowth, unlike basal GR24 treatment. These observations have 
raised some important questions about the inhibition mechanisms of auxin and strigolactone. The 
observed lack of bud outgrowth inhibition in stem segments treated with GR24 and sucrose warrants 
further investigation. For this purpose, the split-plate bioassay offers an easy and practical method 
which can be combined with hormone measurements, gene expression analysis and in situ 
hybridization to reveal the underlying molecular mechanisms. 
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Supplemental data 
Supplemental figure S1 Bud length in the split-plate assay with IAA, GR24, NPA and TIBA treatments on chrysanthemum 
nodal stem segments. Bud length is shown on the y-axis measured over 5 days on day1, day3 and day5 for the different 
treatments n = 10 ± SE. 5µMIAA, 10µM NPA and 20µM TIBA were applied apically and 50µM GR24 was applied basally.  
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Introduction 
Shoot architecture is a key aspect in the quality of ornamental plants. The garden mum and florist 
Chrysanthemum Chrysanthemum morifolium (Ramat) has a great number of varieties that are 
produced by breeding or pruning to influence plant shape. The variety in plant habit is largely 
determined by the formation of secondary axes through axillary meristem development and shoot 
branching during post-embryonic growth (for review see McSteen and Leyser (2005)). The regulation 
of axillary meristem and axillary bud outgrowth reflects the plasticity of the plant to the environment 
involving external cues (temperature, light, nutrients, decapitation) and endogenous control (plant 
hormones, sucrose). Domagalska and Leyser (2011) and Rameau et al. (2015) extensively reviewed 
these interactions. Endogenously, the main regulators that are ascribed to the control of bud 
outgrowth are sucrose (Mason et al. 2014; Barbier et al. 2015) and the cross-talk of plant hormones 
auxins, cytokinins and strigolactones (Ongaro and Leyser 2008; Ferguson and Beveridge 2009). 
Strigolactone is the most recent plant hormone that was proposed to play a part in shoot branching 
(Gomez-Roldan et al. 2008; Umehara et al. 2008); the exact control mechanism is still subject of 
debate.  
The two most important hypotheses about the role of strigolactone in shoot branching are the auxin 
canalization model (Bennett and Leyser 2006; Leyser 2009) and the second messenger model 
(Brewer et al. 2009). The canalization model states that auxin transport canalization from the axillary 
buds to the stem is necessary for bud outgrowth and that auxin in the main stem, along with 
strigolactone, influences auxin transport to inhibit bud outgrowth. The second messenger model  
describes strigolactones as a second messenger to auxin, to directly cause the inhibition of axillary 
bud outgrowth. These models are not mutually exclusive as there is experimental evidence in 
support of both the canalization model (Prusinkiewicz et al. 2009; Crawford et al. 2010; Shinohara et 
al. 2013) and the second messenger model (Brewer et al. 2009; Dun et al. 2013; Brewer et al. 2015). 
The main arguments in support of the auxin canalization model are the observation that auxin 
transport through the mobilization of PIN1 proteins is dampened by strigolactone (Crawford et al. 
2010; Shinohara et al. 2013) and the fact  that an apical auxin source  is required to allow 
strigolactone inhibition of axillary bud outgrowth (Prusinkiewicz et al. 2009; Liang et al. 2010; 
Crawford et al. 2010). Conversely, in support of the second messenger model, strigolactone was 
reported to inhibit axillary bud outgrowth in Pisum sativum in the absence of an apical auxin source 
(Brewer et al. 2009; Dun et al. 2013; Brewer et al. 2015). Furthermore, treatments with the auxin 
transport inhibitor naphtyl phthalamic acid (NPA) showed that strigolactone could inhibit axillary bud 
outgrowth regardless of auxin transport status (Brewer et al. 2015).  
In chrysanthemum, previous reports had shown bud outgrowth inhibition by strigolactone only in the 
presence of an apical auxin source (Liang et al. 2010) corroborating the auxin transport canalization 
model. In recent experiments, we showed that in chrysanthemum stem segments with 2 axillary 
buds it was possible to inhibit the outgrowth of both buds with strigolactone GR24 without an apical 
auxin source (Chapter 4). Furthermore, we found that inhibition by strigolactone GR24 treatment 
could be counteracted by auxin transport inhibition with NPA treatment. Both observations seem 
contradictory, with the former being in support of the second messenger model while the latter 
supports the auxin transport canalization model. To further investigate these observations, we set up 
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a bioassay with chrysanthemum stem segments treated with the auxin indole acetic acid (IAA), the 
synthetic strigolactone GR24 and the auxin transport inhibitor NPA. 
Aside from measuring bud outgrowth the expression levels of several branching genes in samples of 
axillary buds and stems were used to indicate the status of bud development and auxin transport. 
Several chrysanthemum genes that are involved in axillary bud outgrowth have been described, 
including the strigolactone biosynthesis gene MAX4 (Liang et al. 2010) and the  BRC1 gene, a key 
integrator of branching signals (Aguilar-Martínez et al. 2007a) which showed high expression in 
dormant axillary buds and decreased expression upon bud activation (Chen et al. 2013).  In previous 
work we isolated the CmDRM1 dormancy marker, the CmMAX1 and CmMAX3 strigolactone 
biosynthesis genes and auxin genes CmPIN1 and CmAXR2 along with other genes involved in axillary 
bud outgrowth (Chapter 3). The expression of DRM1 is, like BRC1, associated to bud activity (Rae et 
al. 2013b). The strigolactone biosynthesis genes are also known to be expressed in the vasculature 
and mutants of these genes display increased branching phenotypes (Booker et al. 2004). In 
Arabidopsis MAX3 expression decreased in response to decapitation (Hayward et al. 2009); AXR2 and 
PIN1 expression are both upregulated by auxin (Nagpal et al. 2000; Vieten et al. 2005) and therefore 
useful as markers for auxin accumulation. 
In this work, we studied the axillary bud outgrowth upon treatments with GR24, IAA and NPA over a 
period of 5 days on stem segments bearing two nodes. At the start (D0), the first day (D1) and  the 
second day (D2) of the 5-day experiment (D0-D4), samples of axillary buds and stems were taken for 
gene expression analysis to unravel underlying regulation of bud dormancy markers, strigolactone 
biosynthesis and auxin transport.   
Material and Methods 
Plant Material 
Chrysanthemum morifolium Ramat. cuttings of a cut flower genotype C17, were provided by Dekker 
Chrysanten BV., The Netherlands. Three batches of 825 cuttings were rooted during three weeks at 
standard greenhouse conditions: 20°C, 16:8 LD (SON-T, 100 µmol.m-2s-1).  Each batch was rooted 
separately, with one week in between, to provide plant material for three repetitions of the 
experiment in three consecutive weeks. Nodal stem segments of 1.8 cm were cut, containing two 
nodes with dormant axillary buds (Fig. 1a,b). Leaves and stipules were removed from the nodal stem 
segments. 
Growth conditions, measurements and sampling 
Split-plate experiments were set up as described in Chapter 4. The experiment consisted of five 
treatments (1: Control, 2: 5µM IAA, 3: 50 µM GR24, 4: 5 µM IAA + 50 µM GR24 and 5: 10 µM NPA + 
50 µM GR24) that were applied over the course of five days with three repetitions in three 
consecutive weeks. Treatments were given to the apical or basal end of the stem segments by adding 
plant growth regulators from 1 mg/ml stock solutions to the solidifying agar (0,7 %) in the top or 
bottom petri dish. IAA (5 µM) and NPA (10µM) treatments were applied apically while GR24 (50 µM) 
was applied basally (Fig. 1b). Plates containing stem segments were placed in a growth chamber 
(20±1°C, 19:5 LD) with fluorescent light (Philips TL-D Super 80 58W/840 cool white) with an intensity 
of 90 µmol*m-2s-1 at the height of the nodal stem segments. At the start of the experiment (D0) and 
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on day 2 (D2) and day 4 (D4), axillary bud lengths were measured on stereomicroscopic (Leica 
M165FC) images of the stem segments using ImageJ software (Fig. 1d). Twenty nodal stem segments 
per treatment were measured in the first week and twenty-five stem segments per treatment were 
measured in the second and third week; as such data from a total of 70 stem segments were 
obtained over the three weeks. On D0, D1 and D2 for each treatment, in each of the three weeks, 
axillary bud and stem samples were taken for RT-qPCR on 150 stem segments. The axillary buds and 
stems of the lower and upper node on each stem segment were sampled separately (Fig. 1c) so that 
at each time-point for each treatment there were four samples (axillary buds and stems of both 
upper and lower node) with each sample a pool of 150 axillary buds or stems. D0 samples were 
harvested at the start of the experiment on freshly cut stem segments (harvesting time ± 1h). D1 and 
D2 samples were harvested in the morning of the first and second day of the experiment respectively 
(harvesting time ± 3h). 
Fig. 1 Chrysanthemum split-plate assay with stem segments containing two axillary buds. a) Nodal positions under the 
apex that contained dormant axillary buds (example in upper right corner in contrast with grown out buds in lower right 
corner) were excised from defoliated chrysanthemum shoots.  b) Stem segments of 1.8 cm were cut from and placed in 
between two petri dishes to which a treatment was applied. c) Samples of upper and lower node axillary buds and stems 
were taken separately. d) Measurement of axillary bud length on stereomicroscopy pictures through ImageJ.  
Flow Cytometry 
Two separate flow cytometrical analyses of cell division were performed in the second (week 2) and 
third (week 3) repetition of the experiment. Samples for flow cytometry consisted of excised shoot 
apices and axillary buds on D0 and axillary buds on D2 of the control and the treatments. Because of 
the small size of the axillary buds, 10 buds were sampled (both lower and upper axillary buds on five 
stem segments) and pooled per analysis. For measurements on the shoot apices, one apex was 
sampled and analyzed. Sampling and measurements were repeated five times per treatment and per 
repeat. Sample preparation involved chopping of leaf tissue (Galbraith et al., 1983) and 4', 6-
diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, Diegem, Belgium) staining according to Otto (1990). 
Flow cytometrical cell cycle analysis was performed on a CyFlow Space (Sysmex-Partec, Münster, 
Germany) flow cytometer equipped with a UV Light Emitting Diode and Flomax 2.9 software 
(Quantum Analysis, Münster, Germany). Based on the peak positions of cell count over fluorescence, 
Chapter 5 
127 
the G1, S and G2 phases of the cell cycle were delimited in the acquired histograms. The number of 
nuclei analyzed in each phase was counted. The percentage of cells in mitosis (mitotic index) was 
represented by the sum of the percentages of cells in the S and G2 phase (S1 and S2).  
Gene expression analysis 
RNA extraction, using a modified CTAB protocol (Luypaert 2015), was followed by cDNA synthesis 
including no reverse transcription (noRT) samples for all genes and gene expression analysis of 
branching genes (CmBRC1, CmDRM1, CmMAX1, CmMAX3, CmAXR2, and CmPIN1) as described 
previously in Chapter 3. For CmMAX3 and CmBRC1 a new RT-qPCR primerset was developed 
compared to Chapter 3 (S3). RNA concentration and quality was verified with a NanoDrop 
spectrophotometer (Isogen Life Sciences) (S4) and  Experion™ automated electrophoresis using the 
StdSense analysis kit (Bio-Rad) was performed on a subset of samples (S5) as described in De Keyser 
et al. (2013). Gene expression data from the LightCycler® 480 (Roche) was analysed with qbase+ 
software (Biogazelle; Hellemans et al., 2007). NTCs (no template controls) were included for all 
genes; technical replicates were omitted but all analysis was done on three biological replicates 
(three repetitions). In case the difference between the Cq of noRT and samples was smaller than 5, 
samples were excluded from further analysis. Mean gene-specific amplification efficiencies (S6) were 
calculated with LinRegPCR (Ramakers et al. 2003; Ruijter et al. 2009). Gene expression results are 
presented as fold changes ,from D1 or D2 relative to D0, of CNRQ (Calibrated Normalized Relative 
Quantities), normalised using three reference genes for stem and apex/bud samples CmACT2, 
CmUBC and CmUBQ10 (S7), based on the selection of optimal reference genes using GeNorm 
(Vandesompele et al. 2002).  Additional fold changes are reported from D1 and D2 of the  hormone 
treatments compared to D1 and D2 of the control treatments (S8).  
Statistical Analysis 
ANOVA, Mann Whitney U and Kruskal Wallis tests were performed with SPSS statistical software 
(SPSS 23, IBM Corp. Released 2015. IBM SPSS Statistics for Windows, Version 23.0. Armonk, NY: IBM 
Corp.).  
Results 
Bud outgrowth 
The initial bud length in all treatments was around 1 mm. On day 4 (D4) axillary buds in the control 
treatment showed the highest bud length (Fig. 2). Apical treatment with auxin and apical auxin 
treatment in combination with a basal treatment with GR24 resulted in the lowest bud length. 
Treatment with only  basal GR24 showed a reduced bud growth compared to the control treatment. 
The combined treatment with basal GR24 and apical NPA showed a more pronounced bud length 
compared to the treatment with only GR24. In general, the bud growth of the axillary buds at the 
upper node position was higher than at the lower node, except for the apical treatment with IAA.  
number of nuclei in (G1 + S + G2) 
% cells in mitosis = 
number of nuclei in (S + G2) 
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Fig. 2 Axillary bud length in the split-plate assay with Control, IAA, GR24, GR24 +IAA and GR24 + NPA on chrysanthemum 
nodal stem segments. Bud length of both nodes (UN = upper node, LN = lower node) is shown on the y-axis measured over 
5 days on D0, D2 and D4 for the different treatments. Data are mean bud lengths (n=70) ± SE. Letters on D4 indicate 
homogenous subsets based on pairwise multiple comparisons with the Mann Whitney U-test and Bonferroni correction. 
Additional to bud outgrowth measurements, for two repetitions of the experiment, samples of 
axillary buds were taken on D0 and D2 and analyzed with flow cytometry to show the amount of 
dividing cells (Fig. 3 and S2). As a reference for differentiated tissue and meristematic tissue, samples 
were included of leaf and shoot apex respectively (S1a,b). A high plateau at S and a high peak at G2 
indicate the cell divisions in the shoot apex (S1b), and similarly in the growing axillary buds (S1d,f,h). 
In the leaf, lower amounts of mitotic cells are found (S1a), similar to dormant buds and IAA treated 
buds (S1c,e, g).  In the first repetition of the experiment, the percentage of dividing cells did not 
differ in dormant buds on D0 compared to the inhibited axillary buds from the treatments with IAA 
and IAA + GR24 and was significantly lower than the percentage of dividing cells in the shoot apex 
and axillary buds of the control, GR24 and NPA + GR24 treatments on D2 (Fig. 3a).  
The second repetition showed similar results except for the treatments with IAA + GR24 and NPA + 
GR24 (Fig. 3b). The percentage of dividing cells in the shoot apex and in the control and GR24 
treatment on D2 was significantly higher than in the dormant axillary buds on D0 and the IAA 
treatment on D2. The treatment with IAA + GR24 showed a large standard deviation and was not 
significantly different from the shoot apex but did show a significantly lower percentage of dividing 
cells than the control and GR24 treatment on D2. Unlike in the first repetition, the percentage of 
dividing cells in the NPA + GR24 treatment was not significantly higher than in the dormant buds of 
control D0 or the inhibited buds of IAA and IAA + GR24 D2.  
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Figure 3. Flow cytometrical analysis of dividing cells in the split-plate assay with control, IAA, GR24, GR24 + IAA and GR24 
+ NPA on chrysanthemum axillary buds. The flow cytometry analysis was repeated twice (a= the first repetition in week 2, 
b= the second repetition in week 3).   (n= 5 pools of 10 buds or 1 apex) ± SD. Letters indicate homogenous subsets (different 
for the two repetitions) based on pairwise multiple comparisons with the Tukey post hoc test. 
Gene expression 
In a previous study on shoot branching in chrysanthemum, a set of candidate branching genes was 
developed for expression analysis by RT-qPCR (Chapter 3). A subset of these genes was used in this 
study, including auxin signaling and transport genes CmAXR2 and CmPIN1, bud dormancy genes 
CmBRC1 and CmDRM1 and strigolactone biosynthesis genes CmMAX1 and CmMAX3 (Figs. 4-6).  
Expression of the auxin signaling gene CmAXR2 showed a different pattern in the axillary buds 
compared to stems (Fig. 4). In both stem parts, the expression of CmAXR2 decreased in the control, 
GR24 and NPA + GR24 treatments. A significantly increased expression was seen on D1 for the upper 
and lower node stem for the IAA treatment (Fig. 4c,d). No significant differences compared to D0 
were seen in the axillary bud samples, although a noticeable increase was observed in the IAA 
treatment on D2 (Fig. 4a,b). For the expression of the auxin transport gene CmPIN1 the most 
pronounced change was seen in the axillary buds (Fig. 4e,f). Generally, the treatments with IAA had 
lower fold changes compared to the other treatments in both upper and lower node buds and the 
highest fold changes were seen in the treatment with NPA + GR24, especially in the upper node. 
Significantly increased expression was observed on D1 and D2 for both upper and lower node buds in 
the control, GR24 and NPA + GR24 treatments. In the IAA treatment, CmPIN1 expression did not 
change significantly from D0 in the upper node bud, but in the lower node this gene showed a 
significant difference on D1. The GR24 + IAA treatment showed a significant change in CmPIN1 
expression on D2 in the upper node bud and on D1 and D2 in the lower node. In the stem samples a 
different CmPIN1 expression pattern was seen with generally low fold changes (Fig. 4g,h). In contrast 
with the axillary buds, the highest fold changes were seen in the IAA and IAA + GR24 treatments. 
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Significant CmPIN1 downregulation was seen in the upper node stem at control D1 and GR24 D1 and 
in the lower node stem at GR24 D1 and NPA + GR24 D2. Significant CmPIN1 upregulation was seen in 
the upper node stem part at IAA D1 and NPA+ GR24 D1&D2 and in the lower node stem at control 
D2, and for IAA and GR24 + IAA at both time points.  
Figure 4. RT-qPCR expression analysis of Chrysanthemum auxin signalling gene CmAXR2 and auxin transport gene 
CmPIN1. Expression of CmAXR2 and CmPIN1 in the control, 5 µM IAA, 50 µM GR24, 5 µM IAA + 50 µM GR24 and 10 µM 
NPA + 50 µM GR24 treatments. Data are fold changes of mean CNRQ gene expression values presented on log-scale (n= 3 
pools of 150 axillary buds or 150 stems ± SE) on D1 and D2 relative to D0. Significant differences between CNRQ values on 
D1 and D2 against D0 are indicated with * (Kruskal Wallis test, p<0.05). 
The dormancy marker genes CmBRC1 and CmDRM1 showed similar expression patterns in the 
axillary buds of upper and lower nodes with decreased expression in the control and the treatments 
with GR24 (Fig. 5a-b, e-f). In the stem, CmBRC1 and CmDRM1 generally showed increased expression 
in the treatments with IAA (Fig. 5c-d, g-h).  
Expression of CmBRC1 decreased significantly compared to D0 in the upper and lower node axillary 
buds on D1 and D2 in the control, GR24 and NPA + GR24 treatments. Increased expression was seen 
in the IAA and IAA + GR24 treatments, but was only significant  on D2 for the IAA + GR24 treatment 
(Fig.5a,b). In the stem significantly increased expressions of CmBRC1 were seen in the upper node on 
D1 and D2 for the IAA, IAA +GR24 and NPA + GR24 treatments. In the lower node, increased 
expression was significant on D1 for the IAA treatment and on D1 and D2 for  the IAA + GR24 
treatment (Fig. 5c,d). CmBRC1 expression in the upper node stem for the control and GR24 
treatment, and in the lower node stem for the control, GR24 and and NPA + GR24, remained virtually 
unchanged with only a slight decrease in the control on D1.  
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Significantly decreased expression of CmDRM1 in the axillary buds was seen in both upper and lower 
node buds for the control and NPA + GR24 treatment at both time points, and for the GR24 
treatment only on D1 (Fig. 5e,f). In the stem CmDRM1 expression was only significantly increased in 
the upper node on D2 for the treatments with IAA (Fig. 5g,h).  
Figure 5. RT-qPCR gene expression analysis of Chrysanthemum bud dormancy genes CmBRC1 and CmDRM1. Expression of 
CmBRC1 and CmDRM1 in the control, 5 µM IAA, 50 µM GR24, 5 µM IAA + 50 µM GR24 and 10 µM NPA + 50 µM GR24 
treatments. Data are fold changes of mean CNRQ gene expression values presented on log-scale (n= 3 pools of 150 axillary 
buds or 150 stems ± SE) on D1 and D2 relative to D0. Significant differences between CNRQ values on D1 and D2 against D0 
are indicated with * (Kruskal Wallis test, p<0.05). 
Expression of the strigolactone biosynthesis gene CmMAX3 gene showed a general decrease in all 
treatments in both stem parts, with slightly less decrease in the treatments with IAA (Fig. 6c,d). In the 
axillary buds an increased expression was generally seen in the treatments with IAA while a 
decreased expression was seen in the other treatments (Fig 6. a,b). In the upper node axillary buds, 
expression increased significantly in the IAA treatment on D1 and D2 and a significant decrease in 
expression was seen for the treatment with GR24 (Fig. 6a). In the lower node axillary buds, 
expression decreased significant on D1 and D2 for the control, GR24 and NPA + GR24 treatment and 
only on D1 for the IAA treatment (Fig. 6b). CmMAX1 expression in the axillary bud showed a similar 
response as CmMAX3 to IAA treatment, but only in the upper node differences compared to D0 were 
significant in the IAA and GR24 + IAA treatments on D2 (Fig. 6e). In the lower node there were no 
significant differences (Fig. 6f) and a general increased expression was measured in both stem parts 
(Fig. 6g,h). 
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Figure 6. RT-qPCR gene expression analysis of Chrysanthemum strigolactone biosynthesis gene CmMAX1 and CmMAX3. 
Expression of CmMAX1 and CmMAX3  in the control, 5 µM IAA, 50 µM GR24, 5 µM IAA + 50 µM GR24 and 10 µM NPA + 50 
µM GR24 treatments. Data are fold changes of mean CNRQ gene expression values  presented on log-scale (n= 3 pools of 
150 axillary buds or 150 stems ± SE) on D1 and D2 relative to D0. Significant differences between CNRQ values on D1 and 
D2 against D0 are indicated with * (Kruskal Wallis test, p<0.05). 
Additional fold changes are reported from D1 and D2 of the  hormone treatments compared to D1 
and D2 of the control treatments (S8). These generally showed similar expression patterns compared 
to the fold changes from D0 with upregulated CmAXR2 and CmPIN1 expression in the stem under the 
treatments with IAA. Axillary buds in the control treatment at D1 and D2 were growing out and in the 
comparison with D0 showed decreased expression of CmBRC1, CmDRM1 and CmMAX3 and 
increased expression of CmPIN1. Accordingly the IAA treatments that inhibited bud outgrowth at D1 
and D2, showed increased expression in the axillary buds of CmBRC1, CmDRM1 and CmMAX3 and 
decreased expression of CmPIN1. The fold changes to D1 and D2 of the control treatment also show 
an increased expression of CmMAX3 in the stem under the IAA treatments, which is not evident from 
the D0 fold changes due to the overall decreased CmMAX3 expression in D1 and D2.  
Discussion 
In their study on pea axillary buds, Devitt and Stafstrom (1995) used flow cytometry to measure an 
increase in dividing cells within 24 hours after decapitation, which coincided with an increased 
expression of cell cycle genes. For chrysanthemum, previous reports have also shown a differential 
expression of several shoot architecture genes during the outgrowth of axillary buds (Chen et al., 
2013; Chapter 3). In this study a modified split plate assay (Chapter 4) was used to induce a 
controlled axillary bud outgrowth under influence of hormone treatments. Bud outgrowth was 
followed using a combination of flow cytometrical analysis of dividing cells and the expression 
analysis of chrysanthemum genes as markers for bud dormancy and hormonal regulation. 
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The results of bud outgrowth that were presented here correspond with previous experiments 
described in Chapter 4, where a basal application with GR24 inhibited axillary bud outgrowth in both 
buds of a two-nodal stem segment without an apical auxin source and where application with the 
auxin transport inhibitor NPA in combination with GR24 showed a reduced inhibition compared to 
the treatment with only basal GR24. However, it must be noted that this restricted outgrowth is not 
a complete inhibition as could be seen in the treatment with apical IAA. Furthermore, the lower node 
axillary bud was more inhibited than the upper node axillary bud. This was also the case in the 
treatment with IAA + GR24 (Fig. 2).  
The incomplete inhibition of axillary bud outgrowth by GR24 treatment was also reflected in the 
measurement of the mitotic index. Dormant chrysanthemum axillary buds and buds that were 
inhibited by IAA and IAA + GR24 treatment on D2 had a significantly lower percentage of dividing 
cells than growing axillary buds in the control on D2. Axillary buds in the treatment with GR24, 
however, had a higher mitotic index compared to the dormant and inhibited buds, which was also 
seen in the axillary buds in the treatment with NPA + GR24 and the control treatment. These results 
indicate an incomplete restriction of axillary bud outgrowth by strigolactone when compared to the 
inhibition by auxin treatment. It has been shown that strigolactone treatment can promote or inhibit 
axillary bud outgrowth depending on the auxin status (Shinohara et al. 2013) and this could be a 
possible explanation for the bud outgrowth that was still observed in the GR24 treatment. Since 
strigolactone inhibits the mobilization of PIN1 proteins it could be argued that auxin transport is 
hindered both in the stem (polar auxin transport stream), which would promote bud outgrowth, and 
in the buds, which would inhibit bud outgrowth, allowing an intermediate restricted bud outgrowth.  
Furthermore, in our study, the combination of GR24 with IAA or NPA showed variation between both 
repetitions for the percentage of mitotic cells, which could indicate a delicate balance in between 
strigolactone and auxin, although more repetitions in both upper and lower node axillary buds would 
be necessary to confirm this. 
Axillary bud outgrowth or bud outgrowth inhibition in the first two days (D1, D2) after decapitation 
(D0) also coincided with altered expression of several chrysanthemum candidate branching genes: 
auxin response gene CmAXR2, auxin transport gene CmPIN1, bud dormancy genes CmBRC1 and 
CmDRM1 and strigolactone biosynthesis genes CmMAX1 and CmMAX3. 
AXR2 is an AUX/IAA gene involved in the auxin response;  its expression is induced by auxin and 
therefore useful as a marker for auxin (Abel and Theologis 1996; Nagpal et al. 2000). PIN1 is the main 
transport protein for basipetal auxin transport and its expression is upregulated in a positive 
feedback mechanism by auxin (Vieten et al. 2005). Expression of CmPIN1 therefore gives information 
about the auxin presence but also about the auxin transport canalization. Bud outgrowth on D1 and 
D2 in the control treatment was accompanied by a decreased expression of CmAXR2 in lower and 
upper node stem samples (Fig. 4c,d). This effect was also observed in the NPA + GR24 treatment 
(most notable in the lower node) and in the GR24 treatment (most notable in the upper node), 
where bud outgrowth was restricted. On the other hand, Inhibition of axillary bud outgrowth in the 
treatment with IAA coincided with an increased expression of CmAXR2. The CmAXR2 expression 
pattern in the stem indicates that in the nodal stem segments, there is an increased auxin 
concentration following the IAA treatments and a reduced auxin level in the control, the GR24 and 
NPA + GR24 treatment. This coincided with either axillary bud growth (Control, NPA + GR24) or with 
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the restricted axillary bud outgrowth that occurred in the GR24 treatment. These observations 
reflect a reduced polar auxin transport in the decapitated stem segments that allows axillary bud 
outgrowth, while apical IAA application maintains polar auxin transport and inhibits bud outgrowth. 
This corresponds with the auxin transport canalization mechanism of bud outgrowth, in which auxin 
produced by activated buds is canalized to the stem by upregulating auxin transport proteins (Sauer 
et al. 2006). In the treatment with strigolactone GR24 it can be noted that there is also a reduced 
CmAXR2 expression that could indicate a reduced polar auxin transport. Strigolactone has been 
shown to reduce polar auxin transport by dampening PIN1 mobilization (Shinohara et al. 2013). In 
this case a reduced expression of CmAXR2 could reflect the reduced auxin transport as a 
consequence of strigolactone treatment.  
The expression of CmPIN1 further reflects auxin levels and transport and showed a somewhat 
differential expression pattern in axillary buds and stem. In the axillary buds, high fold changes 
corresponded with the treatments that showed axillary bud outgrowth (control, GR24, NPA + GR24). 
Conversely, in the stem, increased expression was generally seen in the treatments that inhibited 
bud outgrowth (IAA, IAA +GR24). This observation corresponds with the function of PIN1 in the auxin 
transport canalization model, where axillary buds must export auxin in order to grow out 
(Prusinkiewicz et al. 2009; Crawford et al. 2010; Balla et al. 2011; Domagalska and Leyser 2011). In 
the stem, CmPIN1 expression increased in the IAA treatments, reflecting the upregulation by the 
increased auxin levels. These results also correspond with our earlier observations of gene 
expression in chrysanthemum, where CmPIN1 expression was increased in axillary buds during 
outgrowth and CmAXR2 expression increased in stem samples from plants with strong apical 
dominance but not in samples from plants during bud outgrowth (Chapter 3). 
 In the treatment with GR24 it is remarkable that CmPIN1 expression in the buds was also increased, 
as it was hypothesized in the auxin canalization model that strigolactone inhibits axillary bud 
outgrowth by restricting the polar auxin transport and increasing competition between buds for the 
auxin sink (Crawford et al. 2010; Domagalska and Leyser 2011; Shinohara et al. 2013). When 
considering the incomplete inhibition of axillary bud outgrowth in the GR24 treatment, that was 
reflected by the high percentage of dividing cells, it is possible to consider the axillary buds as 
outgrowing buds with a restricted growth. This could be a possible explanation for the increased 
CmPIN1 expression. Furthermore, the action of strigolactone on the mobilization of PIN1 proteins is 
known to be independent of new protein synthesis and mediated by clathrin (Shinohara et al. 2013). 
The hypothesized mechanism is that strigolactone promotes PIN1 endocytosis and retrograde 
transport through MAX2 mediated degradation of a protein that sequesters COP1 in the nucleus 
(Waldie et al. 2014). This indicates that CmPIN1 expression more likely reflects auxin levels and not 
the effect of GR24 on the PIN1 mobilization that is  associated with restricted bud outgrowth..  
It can also be noted that in previous reports on the action of the strigolactone GR24 on shoot 
branching, basal application with GR24 could only inhibit bud outgrowth in the presence of an apical 
auxin source (Bennett and Leyser 2006; Liang et al. 2010; Crawford et al. 2010). In these cases, there 
was also a competition between axillary buds with one bud growing out and dominating the dormant 
lower bud. In our treatment with GR24 there was similarly a slight difference between the two 
axillary buds, with the upper node showing higher bud length growth. Therefore, as was previously 
mentioned, it can be argued that strigolactone treatment could result in an intermediate, restricted 
bud growth by restricting auxin transport in both axillary bud and stem.  
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Expression of the dormancy markers CmBRC1 and CmDRM1 was generally decreased in the axillary 
buds of the control and the treatments with GR24 and NPA + GR24 (Fig. 5a-b, e-f), whereas increased 
expression was found in the stem in the treatments with IAA (Fig. 5c-d, g-h). The decreased 
expression during axillary bud outgrowth is consistent with earlier reports of expression and bud 
activity (Rae et al. 2013; Chen et al. 2013). These genes also showed a general downregulation during 
axillary bud outgrowth in chrysanthemum plants (Chapter 3). For the treatment with GR24 it can be 
noted that the trend of decreased expression is similar to the control treatment. This seems 
contradictory to the role of strigolactone to inhibit axillary bud outgrowth and one would expect an 
increase or no change in expression compared to dormant buds on D0. Furthermore BRC1 is also 
regarded to be downstream of strigolactones in inhibiting bud outgrowth (Aguilar-Martínez et al. 
2007; Minakuchi et al. 2010) and therefore it could be expected that treatments with strigolactone 
would induce CmBRC1 expression. However, this relation between BRC1  and strigolactones can be 
different, as was observed in rice, where strigolactone treatments do not alter BRC1 expression 
(Arite et al. 2007; Minakuchi et al. 2010). As was mentioned earlier, some, albeit restricted, bud 
outgrowth did occur in the treatment with GR24, which was also reflected in the percentage of 
dividing cells. This furthers explains the increased expression of CmDRM1 and CmBRC1 as these 
dormancy markers have been shown to be involved in blocking G1/S phase transition in dormant 
axillary buds (Wood et al. 2013; González-Grandío et al. 2013). Another possible explanation could be 
that the decreased expression of CmBRC1 is induced by decapitation and dominates GR24 
impingement. 
CmMAX3 expression in the axillary buds was generally increased in the treatments with IAA and 
decreased in the control, GR24 and NPA + GR24 treatment (Fig. 6a,b). In the stem a general 
decreased expression was seen (Fig. 6c,d). The upregulation of CmMAX3 in the treatments with IAA 
and the downregulation that coincided with bud outgrowth, corresponds to the MAX3 expression 
seen in Arabidopsis during bud outgrowth or inhibition by IAA (Hayward et al. 2009). Reduction of 
MAX3 expression by strigolactone treatment has also been reported as a feedback mechanism in 
Arabidopsis (Mashiguchi et al. 2009) but it is more likely that the decreased CmMAX3 expression, 
similarly to the CmBRC1 and CmDRM1 expression, reflects the restricted bud outgrowth in the GR24 
treatment. Likewise, for CmMAX1 expression in the upper node axillary buds, lower fold changes 
coincided with the bud outgrowth of control, GR24 and NPA + GR24 treatments. It was further noted 
that in the IAA treatment, the CmMAX3 expression in the upper axillary bud was higher than in the 
lower bud and that this expression increased from D1 to D2. This was similarly observed in the 
expression of the strigolactone biosynthesis gene CmMAX1 (Fig. 6e). A possible explanation for this 
observation could be that the auxin treatment causes the upregulation of strigolactone biosynthesis, 
but this is established first in the upper axillary bud that is closest to the apical auxin source and only 
later in the lower axillary bud.  
Conclusions 
Our results have demonstrated a split plate bioassay in chrysanthemum where treatment with IAA 
and IAA + GR24 inhibited bud outgrowth, application with strigolactone GR24 restricted bud 
outgrowth and NPA application reduced the restricted outgrowth by GR24. These results were in line 
with the auxin transport canalization model. The bud outgrowth status was reflected by flow 
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cytometrical measurements of cell divisions in the axillary buds and the expression of dormancy 
markers genes CmBRC1 and CmDRM1 as well as the strigolactone biosynthesis genes CmMAX3 and 
CmMAX1. The auxin transport status during bud outgrowth was reflected by CmAXR2 and CmPIN1 
expression with an increased CmPIN1 expression in the axillary buds coinciding with bud outgrowth.  
The buds in the GR24 treatment were not completely inhibited as in the IAA treatment and the 
amount of dividing cells as well as the downregulation of CmBRC1 and CmDRM1 dormancy markers 
suggested bud outgrowth, although restricted when compared to bud lengths in the control.  This 
could be seen as an intermediate bud outgrowth state, considering strigolactone to inhibit or 
promote axillary bud outgrowth depending on the auxin transport status according to the auxin 
transport canalization model. Further investigation with the combination of bud outgrowth, flow 
cytometry, gene expression and additionally auxin flux measurements, would be interesting to 
elucidate the exact GR24 inhibition mechanism and the role of auxin transport.  
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Supplemental data 
S1. Flow cytometry histogram example for the second repetition of the experiment. 
The mitotic index (percentage of dividing cells) is represented by the sum of the amount of cells in 
the S and G2 phase divided by the total number of nuclei analysed, as was delineated on a flow-
cytometrical histogram (a,b). 
S2. Flow cytometrical measurements of the percentage of cells in the G1, S or G2 phase for the 2 
repetitions of the experiment. The data are means (n=5 ± SD) of the percentage of nuclei in G1, S or 
G2 phase in axillary bud or shoot apex samples.  
Treatment Repetition 1 (week 2) Repetition 2 (week 3) 
%G1 SD %S SD %G2 SD %G1 SD %S SD %G2 SD 
Shoot Apex 81.17 1.17 10.93 0.63 7.90 0.81 82.21 2.49 10.09 1.90 7.69 0.88 
Control D0 87.00 2.24 9.00 2.63 4.00 0.97 89.24 1.61 7.46 1.11 3.30 0.59 
Control D2 75.17 1.79 14.06 2.06 10.77 0.87 78.56 0.79 11.04 0.95 10.40 0.52 
IAA D2 87.37 3.79 8.00 3.32 4.64 0.51 89.60 2.03 6.86 1.74 3.54 0.55 
GR24 D2 76.64 2.25 12.52 1.68 10.84 0.87 78.86 1.97 11.46 1.70 9.68 0.83 
IAA + GR24 D2 90.30 1.70 5.45 0.61 4.25 1.79 84.24 5.03 11.07 4.11 4.68 1.70 
NPA + GR24 D2 81.50 1.88 10.30 1.05 8.20 1.02 86.72 2.48 7.70 1.19 5.58 1.42 
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S3. RT-qPCR primers for target genes CmMAX3 and CmBRC1. 
Gene Forward primer Reverse primer Forward Tm 
(C°) 
Reverse Tm 
(C°) 
Amplicon length 
(bp) 
CmMAX3 TTGCTGCAGGCAT
ATTGAAG 
TATCCTCTGCGTTGCA
TGAC 
60.0 59.8 129 
CmBRC1 TTGCCTTATCAAAC
CCAAGC 
CAAGAAAGACCGACA
CAGCA 
60.1 60.0 125 
S4. RNA concentration (ng/µl) and A260/280, A260/230 values of RNA isolated from the upper (UN) 
and lower node (LN) axillary bud and stem samples for the different treatments in the three repeated 
experiments (week1, week2 and week3).  
Sample nr. Tissue Treatment Timepoint Repetition ng/ul 260/280 260/230 
1 UN Bud Control D0 week1 269.20 2.00 2.05 
2 LN Bud Control D0 week1 127.43 2.03 2.09 
3 UN Stem Control D0 week1 98.56 2.02 2.09 
4 LN Stem Control D0 week1 76.35 2.02 1.96 
5 UN Bud Control D1 week1 207.12 2.02 2.17 
6 LN Bud Control D1 week1 199.05 2.03 2.17 
7 UN Stem Control D1 week1 68.95 2.02 1.97 
8 LN Stem Control D1 week1 44.39 1.90 1.61 
9 UN Bud IAA D1 week1 134.76 2.01 2.14 
10 LN Bud IAA D1 week1 100.68 2.05 1.53 
11 UN Stem IAA D1 week1 57.57 2.01 1.81 
12 LN Stem IAA D1 week1 39.74 2.04 1.70 
13 UN Bud GR24 D1 week1 206.47 2.00 2.00 
14 LN Bud GR24 D1 week1 148.18 2.00 2.14 
15 UN Stem GR24 D1 week1 98.52 2.02 2.02 
16 LN Stem GR24 D1 week1 52.12 1.89 1.70 
17 UN Bud IAA + GR24 D1 week1 139.37 2.01 2.09 
18 LN Bud IAA + GR24 D1 week1 91.24 2.03 2.02 
19 UN Stem IAA + GR24 D1 week1 117.73 2.00 1.87 
20 LN Stem IAA + GR24 D1 week1 55.19 1.95 1.89 
21 UN Bud NPA + GR24 D1 week1 131.91 2.01 2.09 
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Sample nr. Tissue Treatment Timepoint Repetition ng/ul 260/280 260/230 
22 LN Bud NPA + GR24 D1 week1 128.36 2.01 2.11 
23 UN Stem NPA + GR24 D1 week1 72.61 2.06 1.99 
24 LN Stem NPA + GR24 D1 week1 70.88 1.99 1.98 
25 UN Bud Control D2 week1 384.73 2.01 2.23 
26 LN Bud Control D2 week1 322.43 2.00 2.16 
27 UN Stem Control D2 week1 89.97 1.99 2.00 
28 LN Stem Control D2 week1 65.33 2.02 2.06 
29 UN Bud IAA D2 week1 95.22 1.99 2.05 
30 LN Bud IAA D2 week1 82.81 1.97 1.87 
31 UN Stem IAA D2 week1 75.11 2.08 1.97 
32 LN Stem IAA D2 week1 49.63 2.08 1.74 
33 UN Bud GR24 D2 week1 468.84 2.00 2.21 
34 LN Bud GR24 D2 week1 372.34 2.02 2.24 
35 UN Stem GR24 D2 week1 82.88 2.00 1.96 
36 LN Stem GR24 D2 week1 63.16 2.07 1.88 
37 UN Bud IAA + GR24 D2 week1 101.49 2.00 2.04 
38 LN Bud IAA + GR24 D2 week1 83.49 2.01 2.03 
39 UN Stem IAA + GR24 D2 week1 85.40 2.03 2.02 
40 LN Stem IAA + GR24 D2 week1 57.46 1.96 1.92 
41 UN Bud NPA + GR24 D2 week1 226.45 2.01 2.21 
42 LN Bud NPA + GR24 D2 week1 184.64 2.01 2.09 
43 UN Stem NPA + GR24 D2 week1 77.75 2.01 1.98 
44 LN Stem NPA + GR24 D2 week1 57.47 1.94 1.80 
45 UN Bud Control D0 week2 170.12 2.00 2.17 
46 LN Bud Control D0 week2 110.59 2.02 1.93 
47 UN Stem Control D0 week2 129.50 2.03 2.07 
48 LN Stem Control D0 week2 68.27 2.00 1.88 
49 UN Bud Control D1 week2 289.92 2.01 2.20 
50 LN Bud Control D1 week2 230.70 2.03 2.16 
51 UN Stem Control D1 week2 75.13 2.07 2.03 
52 LN Stem Control D1 week2 62.61 2.01 1.57 
53 UN Bud IAA D1 week2 143.62 2.01 2.23 
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Sample nr. Tissue Treatment Timepoint Repetition ng/ul 260/280 260/230 
54 LN Bud IAA D1 week2 142.53 1.99 2.20 
55 UN Stem IAA D1 week2 62.37 2.03 1.79 
56 LN Stem IAA D1 week2 71.81 1.98 1.98 
57 UN Bud GR24 D1 week2 222.35 2.03 2.22 
58 LN Bud GR24 D1 week2 159.26 2.03 2.13 
59 UN Stem GR24 D1 week2 101.63 2.03 2.02 
60 LN Stem GR24 D1 week2 71.63 2.07 1.94 
61 UN Bud IAA + GR24 D1 week2 139.12 2.02 2.16 
62 LN Bud IAA + GR24 D1 week2 106.45 1.97 2.10 
63 UN Stem IAA + GR24 D1 week2 62.43 2.05 1.83 
64 LN Stem IAA + GR24 D1 week2 46.75 1.97 1.67 
65 UN Bud NPA + GR24 D1 week2 192.23 2.02 2.26 
66 LN Bud NPA + GR24 D1 week2 180.11 2.01 2.24 
67 UN Stem NPA + GR24 D1 week2 70.11 1.99 1.83 
68 LN Stem NPA + GR24 D1 week2 30.77 1.99 1.50 
69 UN Bud Control D2 week2 518.56 2.07 2.14 
70 LN Bud Control D2 week2 415.53 2.01 2.25 
71 UN Stem Control D2 week2 67.75 2.07 1.65 
72 LN Stem Control D2 week2 48.64 1.93 1.66 
73 UN Bud IAA D2 week2 69.55 2.03 1.89 
74 LN Bud IAA D2 week2 1.65 1.14 0.24 
75 UN Stem IAA D2 week2 35.21 2.02 1.36 
76 LN Stem IAA D2 week2 27.48 1.98 1.60 
77 UN Bud GR24 D2 week2 445.57 1.98 2.22 
78 LN Bud GR24 D2 week2 333.94 2.00 2.15 
79 UN Stem GR24 D2 week2 79.81 1.98 1.92 
80 LN Stem GR24 D2 week2 55.33 1.96 1.89 
81 UN Bud IAA + GR24 D2 week2 108.15 2.00 1.95 
82 LN Bud IAA + GR24 D2 week2 70.87 2.03 2.10 
83 UN Stem IAA + GR24 D2 week2 53.24 1.95 1.82 
84 LN Stem IAA + GR24 D2 week2 34.76 2.01 1.49 
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Sample nr. Tissue Treatment Timepoint Repetition ng/ul 260/280 260/230 
85 UN Bud NPA + GR24 D2 week2 340.25 1.98 2.23 
86 LN Bud NPA + GR24 D2 week2 298.54 2.01 2.24 
87 UN Stem NPA + GR24 D2 week2 49.86 2.06 1.84 
88 LN Stem NPA + GR24 D2 week2 28.58 1.90 1.33 
89 UN Bud Control D0 week3 183.44 2.02 2.19 
90 LN Bud Control D0 week3 170.73 2.01 2.18 
91 UN Stem Control D0 week3 110.20 1.96 1.95 
92 LN Stem Control D0 week3 66.48 1.99 1.66 
93 UN Bud Control D1 week3 285.57 2.00 2.22 
94 LN Bud Control D1 week3 312.60 2.02 2.22 
95 UN Stem Control D1 week3 66.45 1.96 1.98 
96 LN Stem Control D1 week3 59.47 1.93 1.81 
97 UN Bud IAA D1 week3 139.28 2.00 2.16 
98 LN Bud IAA D1 week3 107.47 2.01 2.12 
99 UN Stem IAA D1 week3 89.90 2.01 2.03 
100 LN Stem IAA D1 week3 65.06 1.94 1.86 
101 UN Bud GR24 D1 week3 196.65 2.01 2.20 
102 LN Bud GR24 D1 week3 191.17 2.01 2.20 
103 UN Stem GR24 D1 week3 98.96 2.01 1.91 
104 LN Stem GR24 D1 week3 58.10 2.10 1.96 
105 UN Bud IAA + GR24 D1 week3 142.80 2.00 2.09 
106 LN Bud IAA + GR24 D1 week3 85.37 2.03 2.07 
107 UN Stem IAA + GR24 D1 week3 75.05 2.01 1.97 
108 LN Stem IAA + GR24 D1 week3 48.12 2.12 1.84 
109 UN Bud NPA + GR24 D1 week3 195.18 2.01 2.21 
110 LN Bud NPA + GR24 D1 week3 135.86 2.04 2.17 
111 UN Stem NPA + GR24 D1 week3 116.67 2.04 2.27 
112 LN Stem NPA + GR24 D1 week3 75.22 2.09 2.38 
113 UN Bud Control D2 week3 393.73 2.02 2.25 
114 LN Bud Control D2 week3 369.76 2.01 2.24 
115 UN Stem Control D2 week3 87.46 2.00 2.36 
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Sample nr. Tissue Treatment Timepoint Repetition ng/ul 260/280 260/230 
116 LN Stem Control D2 week3 78.99 2.10 2.31 
117 UN Bud IAA D2 week3 85.02 1.96 2.00 
118 LN Bud IAA D2 week3 78.98 2.00 2.02 
119 UN Stem IAA D2 week3 74.00 2.06 1.98 
120 LN Stem IAA D2 week3 50.85 2.12 2.31 
121 UN Bud GR24 D2 week3 343.63 2.00 2.22 
122 LN Bud GR24 D2 week3 293.40 2.01 2.24 
123 UN Stem GR24 D2 week3 98.87 2.03 1.96 
124 LN Stem GR24 D2 week3 57.64 2.03 1.73 
125 UN Bud IAA + GR24 D2 week3 130.94 2.00 2.14 
126 LN Bud IAA + GR24 D2 week3 142.04 2.01 2.15 
127 UN Stem IAA + GR24 D2 week3 88.73 2.01 2.04 
128 LN Stem IAA + GR24 D2 week3 52.01 2.04 1.88 
129 UN Bud NPA + GR24 D2 week3 244.37 2.02 2.22 
130 LN Bud NPA + GR24 D2 week3 281.41 2.03 2.2 
131 UN Stem NPA + GR24 D2 week3 75.13 2.07 2.00 
132 LN Stem NPA + GR24 D2 week3 50.96 1.89 1.72 
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S5. Virtual gel view and electropherograms of the Experion™ automated electrophoresis (Bio-Rad) 
for analysis of RNA quality in a subset of samples including  bud and stem samples at timepoints D0, 
D1 and D2 for week1, week2 and week3. 
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S6. Mean gene-specific PCR efficiencies, determined using LinRegPCR (Ramakers et al. 2003) of 
reference and target genes used for RT-qPCR analysis.  
Gene Bud Stem 
R
ef
e
re
n
ce
 CmACT2 1.880 1.919 
CmUBC 1.919 1.931 
CmUBQ10 1.908 1.900 
Ta
rg
et
 
CmBRC1 1.924 1.944 
CmDRM1 1.896 1.913 
CmMAX3 1.869 1.850 
CmPIN1 1.883 1.886 
CmAXR2 1.859 1.886 
S7. RT-qPCR reference target stability according to GeNorm analysis in qbase+. M and CV values for 
the 3 reference genes that were used for normalisation in the RT-qPCR analysis of branching genes in 
axillary bud and stem samples.  
Bud Stem 
Gene M CV M CV 
CmACT2 0.4 0.147 0.248 0.086 
CmUBC 0.436 0.175 0.289 0.122 
CmUBQ10 0.472 0.217 0.282 0.121 
Mean 0.436 0.18 0.273 0.11 
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S8. Gene expression analysis of CmAXR2, CmPIN1, CmBRC1, CmDRM1, CmMAX3 and CmMAX1 with 
fold changes of the IAA, GR24, IAA + GR24 and NPA + GR24 from D1 and D2 of the control 
treatment.  
RT-qPCR expression analysis of Chrysanthemum auxin signalling gene CmAXR2 and auxin transport gene CmPIN1. 
Expression of CmAXR2 and CmPIN1 in the 5 µM IAA, 50 µM GR24, 5 µM IAA + 50 µM GR24 and 10 µM NPA + 50 µM GR24 
treatments. Data are fold changes of mean CNRQ gene expression values (n= 3 pools of 150 axillary buds or 150 stems ± SE) 
on D1 and D2 relative to D1 and D2 of the control treatment. Significant differences between CNRQ values on D1 and D2 
against D0 are indicated with * (Kruskal Wallis test, p<0.05). 
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RT-qPCR gene expression analysis of Chrysanthemum bud dormancy genes CmBRC1 and CmDRM1. Expression of CmBRC1 
and CmDRM1 in the 5 µM IAA, 50 µM GR24, 5 µM IAA + 50 µM GR24 and 10 µM NPA + 50 µM GR24 treatments. Data are 
fold changes of mean CNRQ gene expression values (n= 3 pools of 150 axillary buds or 150 stems ± SE) on D1 and D2 
relative to D1 and D2 of the control treatment. Significant differences between CNRQ values on D1 and D2 against D0 are 
indicated with * (Kruskal Wallis test, p<0.05). 
RT-qPCR gene expression analysis of Chrysanthemum strigolactone biosynthesis gene CmMAX1 and CmMAX3. Expression 
of CmMAX1 and CmMAX3  in the 5 µM IAA, 50 µM GR24, 5 µM IAA + 50 µM GR24 and 10 µM NPA + 50 µM GR24 
treatments. Data are fold changes of mean CNRQ gene expression values (n= 3 pools of 150 axillary buds or 150 stems ± SE) 
on D1 and D2 relative to D1 and D2 of the control treatment. Significant differences between CNRQ values on D1 and D2 
against D0 are indicated with * (Kruskal Wallis test, p<0.05).      
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Chrysanthemums are produced worldwide as ornamental plants and are only second to rose in 
economic importance. The outgrowth of axillary buds is a critical factor in determining the ultimate 
shape and quality of the plant. For the production of cut flowers, the removal of axillary buds is a 
labor intensive routine and in the production of garden chrysanthemum and pot chrysanthemum, 
pruning is often required. These aspects make the study of shoot branching in chrysanthemum 
interesting to find new applications to improve the production. In this thesis two possible 
applications to control shoot branching were studied, the use of plant growth regulators and the use 
of LED. Beyond applications to control shoot branching, the physiological regulation of axillary bud 
outgrowth in vivo and in vitro was investigated. This chapter discusses the results from this work in 
the context of contribution to the knowledge about bud outgrowth physiology, possible applications 
for controlling bud outgrowth and shoot architecture and future perspectives for research. 
Throughout the work, results have been interpreted in relation to two prevailing hypotheses from 
literature: the auxin transport canalization model and the second messenger model. In this 
discussion, experimental results in support of either model are recapitulated alongside an alternative 
hypothesis regarding the role of sucrose in apical dominance and bud outgrowth. 
The physiological regulation of axillary bud outgrowth in chrysanthemum 
Shoot branching and axillary bud outgrowth has been studied extensively and many aspects of the 
regulation by auxins, strigolactones, cytokinins and other factors have been uncovered (McSteen and 
Leyser 2005; Domagalska and Leyser 2011; Waldie et al. 2014; Rameau et al. 2015). For 
chrysanthemum, shoot branching is an important quality trait and beyond contributing to the 
knowledge of bud outgrowth physiology, studying shoot branching could also offer interesting 
applications to control the shoot architecture. This is already evident when looking at the amount of 
publications that deal with shoot branching in chrysanthemum and more specifically the involvement 
of strigolactones in this process. Recently most of the genes that are known to be involved in the 
strigolactone pathway and shoot branching from Arabidopsis have been isolated in chrysanthemum 
as well (Jiang et al. 2009; Liang et al. 2010; Chen et al. 2013; Dong et al. 2013; Wen et al. 2015; Xi et 
al. 2015; Dierck et al. 2016; Wen et al. 2016). 
In some cases, transformation with these genes has already been performed in experiments to 
enhance the phenotype. Chrysanthemum plants that were transformed by agro-infection with a 
sense LsL gene resulted in increased branching, while antisense transformation suppressed axillary 
bud outgrowth (Jiang et al. 2009). Ectopic expression in chrysanthemum of the PHYB gene from 
tobacco, resulted in an altered plant architecture with shorter plant height and larger branch angles 
(Zheng et al. 2001). Overexpression of the cytokinin biosynthesis gene IPT in chrysanthemum, 
exhibited an increased branching phenotype and shorter internode lengths (Khodakovskaya et al. 
2009). 
The availability of existing genes involved in the regulatory pathways and the isolation of new 
candidate branching genes in this work, has made it possible to study the molecular regulation of 
bud outgrowth and to use the expression of certain genes as a biomarker. This has revealed 
differential expression of dormancy associated genes BRC1 and DRM1 and strigolactone biosynthesis 
gene MAX1, which showed a general downregulation during bud outgrowth and upregulation with 
inhibited bud outgrowth. Other genes involved in the transport (PIN1) and signaling of auxin (AXR2), 
showed expression patterns consistent with auxin flow during axillary bud outgrowth and apical 
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dominance. Besides their use as markers for analyzing axillary bud outgrowth, the newly isolated 
candidate branching genes might be useful in further efforts to improve shoot architecture in marker 
assisted breeding. Several of our candidate branching genes were chosen based on strong 
association with shoot branching in Arabidopsis (Ehrenreich et al. 2007). In other species this 
association has similarly been shown. For instance, in monkeyflower (Mimulus gutatus), where 
natural variation in bud outgrowth was strongly correlated with expression of the MAX strigolactone 
pathway genes. In chrysanthemum as well, markers associated with important strigolactone pathway 
genes (BRC1, MAX3, MAX4 and MAX2) could explain a large degree of phenotypic shoot branching 
traits (Klie et al. 2016). With the availability of recent transcriptome sequences (Wang et al. 2013; Xu 
et al. 2013) and the launch of a whole genome sequencing project for chrysanthemum, investigating 
the genetic background of plant quality traits will be facilitated and molecular breeding techniques 
will become more prominent (Youn et al. 2016). 
Most of the studies on axillary bud outgrowth have used Arabidopsis as a model organism (Chatfield 
et al. 2000; Stirnberg et al. 2002; Aguilar-Martínez et al. 2007; Gomez-Roldan et al. 2008; Finlayson et 
al. 2010) or pea (Shimizu and Mori 1998; Stafstrom et al. 1998; Foo et al. 2001; Tanaka et al. 2006; 
Balla et al. 2011; Dun et al. 2013). Chrysanthemum exhibits a different growth type compared to 
Arabidopsis regarding the shoot growth (straight shoot versus rosette growth). Investigating shoot 
branching regulation in chrysanthemum is therefore interesting to add comprehension of 
conservation or differences in bud outgrowth regulation between species.  
The rosette growth during the vegetative growth of Arabidopsis makes it difficult to study axillary 
bud outgrowth along the vegetative shoots and therefore, decapitation experiments in Arabidopsis 
involve the removal of the apex after bolting, when the inflorescence meristem has already been 
formed at the apex (Stirnberg et al. 1999; Chatfield et al. 2000; Crawford et al. 2010; Bennett et al. 
2016). This method ensures sufficient internode elongation on the cauline stem but implies that 
apical dominance is already weakened or influenced by floral transition, as it is expected that auxin 
levels from the apex decrease at this switch (Prusinkiewicz et al. 2009). In chrysanthemum, internode 
elongation is constant throughout the vegetative growth and allows precise isolation of axillary buds 
for decapitation experiments (Liang et al. 2010; Chen et al. 2013).  In this way analyzing the 
regulation of bud outgrowth during vegetative growth and decapitation can be separated from bud 
outgrowth during floral transition and generative growth, which could involve a different regulation 
mechanism. In future research towards understanding bud outgrowth regulation in chrysanthemum, 
it would be interesting to also include full-grown decapitated plants alongside plants undergoing 
floral transition. This would allow a closer examination of possible differences in regulation. With 
such a study, including the genes involved in the floral transition, like FT, TFL1 and TSF, in the RT-
qPCR analysis would be requisite, since it is hypothesized that BRC1 and FT might interact to control 
bud outgrowth (Rameau et al. 2015).  
Dormant axillary buds in chrysanthemum are also larger compared to buds of Arabidopsis, generally 
1mm for the former and only 0.3-0.4 mm for Arabidopsis (Aguilar-Martínez et al. 2007), this 
facilitates sampling of axillary buds in chrysanthemum. In most studies that use gene expression 
analysis in samples of axillary buds, buds are sampled connected to adjacent stem tissue (Aguilar-
Martínez et al. 2007; González-Grandío et al. 2013; González-Grandío and Cubas 2014). In 
chrysanthemum we were able to separately harvest axillary bud and stem samples for analysis of 
hormone levels and gene expression during bud outgrowth. This revealed interesting differences 
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between bud and stem, for instance the expression of CmPIN1 presented in our experiments with 
isolated stem segments showed an increase in axillary buds in the treatments that induced bud 
outgrowth and an increase in the stem in treatments with IAA, which inhibited bud outgrowth. When 
only combined samples are taken, axillary bud cells would be more diluted compared to stem tissue 
cells and the expression results would mainly indicate the status in stem tissue.   
The CmPIN1 expression reflected increased auxin transport in outgrowing buds, exporting auxin to 
the stem in order to grow out, according to the auxin transport canalization model (Prusinkiewicz et 
al. 2009; Crawford et al. 2010; Balla et al. 2011; Domagalska and Leyser 2011). Similarly, increased 
CmPIN1 expression was observed in the axillary buds that were released from apical dominance 
during floral transition. This observation matches previous reports in pea where PsPIN1 expression 
followed the auxin flow in plants released from apical dominance by  decapitation (Shimizu-Sato et 
al. 2009).  
In the floral transition experiment, the separated sampling of axillary bud and stem tissue also 
showed a significant drop in stem auxin levels and increased cytokinin levels in subapical axillary 
buds, coinciding with floral transition. This confirms the regulatory role of auxin in apical dominance 
and the interaction between auxin and cytokinin, where cytokinin levels are under the control of 
apical auxin and increase after loss of apical dominance (Bangerth et al. 2000). This fits the 
hypothesis of the second messenger model, where auxin regulates the biosynthesis of cytokinin to 
influence bud outgrowth, which has been shown in Arabidopsis and pea (Nordström et al. 2004; 
Tanaka et al. 2006). Remarkably in our results, these high levels of cytokinin did not correspond with 
an increased expression of the cytokinin biosynthesis gene CmIPT3 or the cytokinin response genes 
CmRR1, CmHK3a and CmHK3b. A possible explanation was that cytokinin biosynthesis in the roots or 
biosynthesis mediated through other IPT genes could be playing a role and that cytokinin response 
could happen independent from transcription. Interestingly, it seems from mutant analyses in 
Arabidopsis that multiple biosynthesis ipt and response arr mutants could still respond to 
decapitation and auxin treatment (Müller et al. 2015). At least in Arabidopsis, cytokinin would 
therefore seem not to be required for the release from apical dominance through depleted auxin 
levels following decapitation. In the same study it was hypothesized that there might be a post-
transcriptional effect where cytokinins regulate the mobilization of PIN proteins to allow auxin export 
from buds and axillary bud outgrowth in line with the auxin transport canalization model.  To test this 
hypothesis, it would be interesting to study the precise localisation of PIN1 proteins in further 
experiments with apical dominance, decapitation, floral transition and exogenous applications of 
cytokinins. Immunolocalization of PIN1 proteins is used for this purpose in many studies (Vieten et al. 
2005; Sauer et al. 2006; Balla et al. 2011). In the context of this thesis, preliminary experiments with 
in-situ PCR (Athman et al. 2014) have been performed to visualise the location of CmBRC1 and 
CmMAX1 transcripts within axillary buds. This method used the same primers that were developed 
for RT-qPCR and although it visualises the gene expression and not the protein localisation, it would 
be interesting to use a combination of both techniques to uncover a difference in regulation through 
gene expression and post transcriptional effects. 
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A controlled system to evaluate the effect of plant growth regulators on bud 
outgrowth 
A part of the focus of this work has been to set up a bioassay for chrysanthemum to evaluate the 
effect of plant growth regulators on axillary bud outgrowth. This system was established for isolated 
stem segments with two axillary buds based on previous descriptions of split-plate bioassays in 
Arabidopsis (Chatfield et al. 2000) and red clover (Van Minnebruggen 2014). The bioassay provided 
reproducible bud outgrowth in the isolated stem segments. Results of bud outgrowth inhibition in 
treatments with auxin (IAA) and strigolactone (GR24) and stimulation of bud outgrowth in 
treatments with cytokinins and sucrose were consistent over the different experiments.  
The bioassay proved a useful tool to investigate the physiological regulation of axillary bud 
outgrowth by auxin, cytokinin and strigolactone. Previous studies with a split-plate assay, showed the 
inhibition of axillary bud outgrowth by auxin treatment in decapitated stem segments and the 
stimulation of bud outgrowth by simultaneous cytokinin treatment (Chatfield et al. 2000). This effect 
was confirmed in chrysanthemum. For strigolactone, some reports showed an inhibition of bud 
outgrowth by treatment solely with the synthetic GR24 (Gomez-Roldan et al. 2008; Brewer et al. 
2009), whereas other studies reported inhibition by GR24, only if an apical auxin source was present 
(Bennett and Leyser 2006; Liang et al. 2010; Crawford et al. 2010). These contrasting observations 
are part of experimental evidence that either supports the second messenger model or the auxin 
transport canalization model. In the second messenger model, strigolactone action is described as 
downstream from auxin and strigolactone treatment would be sufficient to inhibit axillary bud 
outgrowth. In the auxin transport canalization model, strigolactone inhibits bud outgrowth by 
reducing the sink strength for auxin in the stem, which limits buds to export auxin and grow out.  
In our experiments with the synthetic strigolactone analogue GR24, we first observed an inhibition of 
only the lower bud in stem segments with two axillary buds. Subsequent experiments with an 
increased dosage of GR24, showed restricted growth of both buds on a stem segment, although the 
lower bud was also less inhibited than the upper bud. When treatments with auxin transport 
inhibitors were combined with GR24, the restricted bud outgrowth could be elevated. These results 
indicate an inhibition mechanism of strigolactone which requires apical auxin transport, which is in 
line with the auxin transport canalization model. The expression of CmPIN1 in the axillary buds 
confirmed the role of auxin transport from growing buds to the stem according to the transport 
canalisation model (Prusinkiewicz et al. 2009; Balla et al. 2011).  
A remarkable observation was made in the treatments with strigolactone GR24, where axillary bud 
outgrowth was restricted but not as strongly inhibited as in treatments with auxin. This coincided 
with a high percentage of dividing cells and a similar downregulated pattern of expression for 
dormancy associated genes CmBRC1 and CmDRM1, compared to axillary buds in a control treatment 
where bud outgrowth occurred. This result is inconsistent with the second messenger model where 
strigolactone acts as a downstream signal from auxin and can independently inhibit bud outgrowth 
through BRC1 regulation (Brewer et al. 2009; Brewer et al. 2015). The restricted state of bud 
outgrowth under GR24 treatment could be explained by a restriction of auxin flow in both stem and 
bud, since it has been shown that strigolactone could inhibit or promote axillary bud outgrowth 
depending on the auxin status (Shinohara et al. 2013), which is in line with the auxin transport 
canalization model (Waldie et al. 2014). Alternatively, the decapitation and subsequent loss of apical 
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dominance in the isolated stem segments could result in a stimulation of bud outgrowth stronger 
than the effect of strigolactone or independent of strigolactone signalling.  
Such a decapitation effect on bud outgrowth has been described in pea, where the outgrowth of an 
axillary bud at a certain node was induced after decapitation but was not correlated with decreased 
auxin levels or increased expression of strigolactone biosynthesis genes (Morris et al. 2005; Ferguson 
and Beveridge 2009). A possible explanation for this effect was a decapitation signal independent of 
auxin, because bud outgrowth was found to occur after decapitation, prior to changes in auxin levels. 
Also auxin depletion in intact plants did not induce bud outgrowth (Morris et al. 2005). A likely 
candidate for this auxin independent decapitation signal was found in sucrose and gave rise to a 
trophic hypothesis for apical dominance and bud outgrowth (Rameau et al. 2015). Mason et al. 
(2014) demonstrated that the distribution of sucrose levels after decapitation correlated with bud 
outgrowth and that sucrose supply was sufficient to induce bud outgrowth independent of auxin. 
Sucrose also repressed the expression of the bud dormancy gene BRC1, this was also confirmed in 
rose (Barbier et al. 2015).   
Some experiments with the chrysanthemum bioassay involved treatments with sucrose in 
combination with auxin and strigolactone to address the role of sucrose in bud outgrowth regulation. 
Sucrose treatment resulted in greater bud length growth compared to control treatments but auxin 
treatment could still inhibit axillary bud outgrowth, which is inconsistent with the trophic hypothesis 
and does not exclude the central role of auxin in apical dominance. Strigolactone treatment in 
combination with sucrose did not result in inhibition of bud outgrowth. Possibly this indicates an 
effect of strigolactone upstream from sucrose. In rose it was shown that sucrose treatment resulted 
in upregulated PIN1 expression, whereas the expression of the strigolactone signalling gene CmMAX2 
was downregulated (Barbier et al. 2015). This could be interpreted as a possible mechanism where 
sucrose influences bud outgrowth through interfering with the PIN auxin transport, which would be 
in line with the canalization model, although further experiments would be needed to confirm this.  
In Chapter 5 the hormonal treatments were limited to auxin, auxin transport inhibition and 
strigolactone due to the high amount of axillary buds needed for sampling. In further research it 
would be interesting to also include cytokinin treatments in an experiment to combine bud 
outgrowth measurements with the analysis of dividing cells and gene expression. Cytokinins 
upregulate the cell cycle genes involved in the cell divisions (Schaller et al. 2014) and could thereby 
trigger the bud outgrowth. Alternatively, there is evidence supporting a role of cytokinin in the auxin 
transport canalization model where it modulates PIN1 auxin transport and upregulates local auxin 
biosynthesis in the bud (Müller and Leyser 2011). Furthermore, cytokinins also modulate the 
transport of carbohydrates in the phloem and, creating a sink to supply nutrients to growing tissue 
(Gersani et al. 1980; Roitsch and Ehneß 2000). These additional experiments would therefore help to 
elucidate the mechanism of bud outgrowth hypothesized in the second messenger model, auxin 
transport model and trophic model. Similarly, abscisic acid (ABA) and gibberellin (GA) could be 
included since both hormones have also been reported to be involved in bud dormancy (Shimizu-
sato and Mori 2001; Chao et al. 2007; Yao and Finlayson 2015).  
It would seem that most of the experimental results in this work support the auxin transport 
canalization model. There remain however many unresolved questions in the regulation mechanism 
of axillary bud outgrowth and it cannot be excluded that aspects of the second messenger model and 
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the trophic hypothesis play a role in this regulation. Most likely, considering the complex crosstalk 
between plant hormones and other factors, a combination of regulation mechanisms proposed in the 
aforementioned hypotheses holds true. Further research would be necessary to resolve the 
disagreements between the different hypotheses and uncover the exact regulation mechanism for 
bud outgrowth. The split-plate bioassay with chrysanthemum stem segments is a good tool for this 
purpose, however certain limitations exist. Foremost, chrysanthemum lacks the availability of an 
extensive mutant line collection like in Arabidopsis. Performing decapitation and hormone treatment 
experiments in chrysanthemum mutants with altered biosynthesis and/or signalling of auxin, 
strigolactone or cytokinin, or dysfunctional BRC1 and DRM1 proteins, would be a great way to isolate 
the different effects that might occur within the pathways involved in bud outgrowth.  The advent of 
the CRISPR/Cas method for precise genome editing (Doudna and Charpentier 2014) could provide an 
alternative to generate the specific knockout lines. This method offers great possibilities not only for 
basic plant research but also for potential applications in horticultural crop breeding (Xiong et al. 
2015; Zhang et al. 2016). 
The bioassay is now being used as a fast and straightforward method to screen a range of potential 
plant growth regulators that could provide interesting applications to improve shoot architecture in 
plants. Included are the auxin antagonist auxinole (Hayashi et al. 2012), ethylene precursor 2-
chloroethylphosphonic acid, gibberellic acid biosynthesis inhibitor paclobutrazol, gibberellic acid GA3 
and GA4+7, cytokinin benzyladenine and benzyladenine in combination with GA4+GA7. Unrelated to 
shoot branching, the bioassay has also been used in rooting experiments with auxins (indole acetic 
acid, napthylacetamide, napthyl acetic acid and indole butyric acid) and propamocarb.  
The use of TIS108 (Ito et al. 2013) and other triazole derivative fungicides is promising, since they 
have been described to function as strigolactone antagonists and could therefore stimulate axillary 
bud outgrowth (Ito et al. 2011). Preliminary results with TIS108 and other triazole derivatives showed 
increased axillary bud growth in treatments with TIS108 and the triazole derivatives difenoconazole 
and imazalil. Treatment with TIS108 could also counter bud outgrowth inhibition by auxin in a dose-
dependent manner. These results indicate effects on shoot branching and further tests with intact 
plants could asses possible applications for use as plant growth regulators.  
The effect of LED light spectra on shoot branching and usefulness in 
chrysanthemum production. 
As mentioned in the introduction (Chapter 1), light can affect the outgrowth of axillary buds as well. 
This also involves auxin, strigolactone and cytokinin signalling through the action of the phytochrome 
B photoreceptor (Finlayson et al. 2010; Halliday and Martı 2015; Roman et al. 2016).  
Specific light spectra play an important role in plant photomorphogenic responses. Plants are 
sensitive to light ranging from UV (280-400 nm) to far-red light (700-800 nm). The shoot architecture 
or plant shape is an important quality trait in ornamental plants and can be altered under specific 
light spectra. The shade avoidance syndrome is a well-documented response of plants to canopy 
shading and low R:FR conditions, characterized by shoot elongation and inhibited branching (Franklin 
2008).  Blue light seems to have a species dependant effect shoot length and bud outgrowth, which is 
in some species stimulated or repressed (reviewed in Huché-Thélier et al. 2016).  
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LED light is an interesting application to control shoot architecture in ornamental crops. LED lamps 
consume less energy than high pressure sodium (HPS) lighting and are expected to become even 
more efficient with future developments (Dueck et al. 2012; Sing et al. 2014). Furthermore, the use 
of LED light allows a specific fine-tuning of the light spectrum to control certain aspects of plant 
growth, since the blue, red and far-red LED light sources provide a narrow wavelength spectrum 
(Chapter 2 S1) that matches the absorption peaks for the photoreceptors involved in 
photomorphogenic responses. Another aspect that has to be taken into account is the productivity of 
crops under LED lighting, and this has been reported to be generally higher with additional 
wavelengths and a broader spectrum (Massa et al. 2008; Lin et al. 2013), which could indicate a more 
efficient use of available PAR. It is therefore important for the application of LED light in plant 
production, to determine light recipes towards an optimal plant quality and productivity and this 
could include the use of additional wavelengths or broad spectrum LEDs. 
In our results with chrysanthemum we showed a general increase of axillary bud outgrowth and bud 
length under red light conditions compared with blue and far-red treatments. Plant height showed 
genotype-specific effects, with greater plant height under BFR for a pot flower genotype (C9) and 
greater plant height under red light treatment for cut flower genotypes (C13 and C17). The reduction 
of plant height could offer an interesting alternative to growth regulators that are used to maintain a 
compact plant shape. For genotypes where axillary bud outgrowth is unwanted, like the disbud type 
and most cut flowers, a treatment with BFR light is interesting to limit plant height and also axillary 
bud outgrowth.  
These treatments are especially interesting in early production stages where multi-layered systems 
could increase efficiency and where a combination with the induction of rooting could be 
implemented. From a review on experiments with rooting under LED light, contrasting results 
showed enhanced rooting either under red light or under red and blue light treatments (Christiaens 
et al. 2016). For chrysanthemum cuttings, either 100% blue light or 100% red light showed the best 
rooting (Christiaens et al. 2015). In vitro chrysanthemum plants, contrastingly,  showed an inhibitory 
effect on rooting with blue light and low amounts of additional FR stimulated rooting (Kurilčik et al. 
2008). Follow-up studies on chrysanthemum also showed optimal rooting with increased FR light 
(Christiaens 2015). Red, far-red and blue light also have an effect on later stages of plant growth. 
Chrysanthemum is a short day plant, initiating flowering under short day conditions, but light quality 
can also affect flowering. Blue light can cause a delay in flowering in chrysanthemum (Khattak and 
Pearson 2006), whereas a low R:FR ratio leads to accelerated flowering in many plants (Demotes-
Mainard et al. 2016), including chrysanthemum (Cerny and Faust 2003). These different effects imply 
that throughout the production stage, different light conditions would be needed, depending on the 
specific response of the genotype. This is something that could be done by altering light condition 
during plant growth or by transferring plants to different light conditions within a multi-layered 
system.  
To fully implement such a system, detailed knowledge would be necessary about optimal light 
recipes for each different aspect of the production phase and for different genotypes. Future 
research could focus on the combination of rooting cutting and shoot architecture control with 
different light spectra. In our study, we only looked at plant phenotypes and how the LED light 
recipes affected shoot growth and shoot branching. In future studies it would also be interesting to 
implement the molecular and hormone analysis that was used here (Chapter 3 and Chapter 5) to 
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study the physiology of axillary bud outgrowth in in vivo and in vitro chrysanthemums. This would 
allow a more close investigation of the hormonal pathways and molecular mechanisms involved in 
the control of light on axillary bud outgrowth. Considering genotype-specific responses to light, these 
further experiments would benefit from an inclusion of more chrysanthemum genotypes with a 
variation in branching phenotypes and responses to different light qualities. As mentioned in the first 
part of the discussion, variation in shoot branching phenotypes could be associated with genes in the 
strigolactone pathway. These genes are also involved in the response to light through the 
phytochrome B photoreceptor. The negative effect on shoot branching as the result of a low red:far-
red light ratio perceived by PhyB, was shown to require functional expression of MAX2, MAX4 and 
BRC1 in Arabidopsis (Shen et al. 2007; Finlayson et al. 2010) and MAX2 and MAX4 in sorghum 
(Kebrom et al. 2006; Kebrom et al. 2010). Therefore it would be interesting to see if different 
expression of the strigolactone genes could be responsible for different shoot growth responses to 
light conditions.     
Conclusions 
Regarding the main goals of this work 1) Investigating the physiological regulation of shoot branching 
in chrysanthemum 2) Developing a controlled system to test the effect of plant growth regulators on 
bud outgrowth 3) Test LED light for use in controlling shoot branching, the following general 
conclusions can be drawn: 
 The isolation and expression analysis of 15 previously uncharacterised branching genes in
chrysanthemum is a valuable contribution to the knowledge on shoot branching regulation
and with the isolation of 11 RT-qPCR reference genes also a useful expansion to the genetic
toolbox available for this species.
 The regulation of bud outgrowth during floral initiation in chrysanthemum was shown to
correspond with a loss of apical dominance, coinciding with an increased CK/IAA ratio and
altered expression of key genes involved in bud dormancy and the pathways of auxin, and
strigolactone.
 The split-plate bioassay that was used in this work has proved a reliable method to assess the
effect of treatments with plant growth regulators on bud outgrowth. The combination with
gene expression analysis also made the bioassay a useful tool to examine bud outgrowth
regulation by auxin, cytokinin and strigolactone.
 Experiments with strigolactone, auxin, cytokinins and sucrose showed results in line with the
auxin transport canalization model, although further experiments with more advanced
visualisation of gene expression and protein function (especially in-situ PCR and
immunolocalisation of PIN1 proteins) as well as biotechnological methods (CRISPR/Cas
knockout mutants) would be required to fully confirm these findings.
 Treatments with varying LED light spectra showed differences in plant architecture
measurements of chrysanthemum cuttings. Generally treatment with red light induced more
axillary bud outgrowth, whereas blue and far-red light resulted in reduced bud outgrowth
and a greater shoot elongation of the main stem or top axillary bud.
 The tests with LED light show that shoot architecture can be affected during the early growth
stage of the chrysanthemum cuttings and the effects of the treatments persisted after
removal from the growth chamber. These results are promising to find applications for LED
light to be used for controlling shoot branching during the production of chrysanthemum.
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